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PREFACE 


The  papers  herein  were  presented  at  the  5th  International  Con¬ 
ference  of  the  International  Society  for  Terrain-Vehicle  Systems  held  at 
Detroit-Houghton,  Michigan,  on  2-6  June  1975  by  personnel  of  the  Mobility 
and  Environmental  Laboratory  (MESL),  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES),  under  the  general  supervision  of  Mr.  W.  G.  Shockley, 
Chief,  MESL.  The  papers  were  also  published  in  Proceedings,  Volume  IV, 

U.  S.  Army  Mobility  Evaluation  Methodology. 

The  Director  of  WES  during  the  publication  of  this  report  was 
COL  G.  H.  Hilt,  CE.  Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  L.  S.  CUSTOMARY  TO  METRIC  (SI) 

AND  METRIC  (SI)  TO  U.  S.  CUSTOMARY  UNITS  OF  MEASUREMENT 


Units  of  measurement  used  in  this  volume  can  be  converted  as  follows: 


Multiply 

By 

To  Obtain 

U.  S. 

Customary  to  Metric 

(SI) 

inches 

25.4 

millimetres 

square  inches 

0.000645 

square  metres 

feet 

0.3048 

metres 

feet  per  minute 

0.00008467 

metres  per  second 

feet  per  second  squared 

0.3048 

metres  per  second 
squared 

miles  (U.  S.  statute) 
per  hour 

1.6093 

kilometres  per  hour 

pounds  (mass) 

0.45359 

kilograms 

pounds  (force) 

4.4482 

newtons 

pounds  (force)  per  inch 

175.12 

newtons  per  metre 

pounds  (force)  per  square 
inch 

6894. 757 

pascal 

pounds-inches 

0. 11298 

newton-metres 

pounds  per  second 

0.45359 

kilograms  per  second 

kips  (force) 

4.4482 

kilonewtons 

degree  (angle) 

0.01745 

radians 

Metric 

(SI)  to  U.  S.  Customary 

metres 

3.2808 

feet 

radians 

57.2957 

degrees  (angular) 
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THE  U.  S.  ARMY  MOBILITY  MODEL  (AMM-75) 


by 

M.  P.  Jurkat,  C.  J.  Nut  tall,  and  P.  W.  Haley 


Abstract 


A  primary  goal  of  U.  S.  Army  mobility  research  is  the  development 
oi  validated,  objective  methodology  to  support  decision  processes  re¬ 
lative  to  the  design,  procurement,  and  deployment  of  military  vehicles. 

As  a  step  toward  that  end,  a  comprehensive  analytical  model  for  evaluat¬ 
ing  the  mobility  of  ground  vehicle  systems  has  been  implemented  in  a 
large-scale  digital  computer  simulation.  The  model  employs  existing 
vehicle  mechanics  technology  to  predict  individual  facets  of  system 
performance  and  new  analysis  and  programming  techniques  to  account  for 
their  interaction. 

In  1971,  the  then  state-of-the-art  was  collected  in  a  first  version 
called  AMC-71.  This  paper  briefly  describes  the  second  generation  of 
that  model,  AMM-75,  and  the  modifications  that  distinguish  the  two 
versions. 


In  troduction 


Rational  design  and  selection  of  Army  ground  vehicles  require 
objective  evaluation  of  an  ever-increasing  number  of  vehicle  and  vehicle 
system  options.  Technology,  threat,  operational  requirements,  and  cost 
constraints  change  with  time.  Current  postures  must  be  reexamined,  new 
options  evaluated,  and  new  trade-offs  and  decisions  made.  In  the 
single  area  of  combat  vehicles,  for  example,  changes  in  one  or  another 
influencing  factor  might  require  trade-offs  that  run  the  gamut  from 
opting  for  an  air  or  ground  system,  through  choosing  wheels,  tracks  or 
air  cushions,  to  designating  a  new  tire. 


The  Mobility  System  Laboratory  of  the  U.  S.  Any  Tank-Automotive 
Command  (TACOM) ,  the  U.  S.  Any  Engineer  Waterways  Experiment  Station 
(WES),  and  the  U.  S.  Army  Cold  Regions  Research  and  Engineering  Lab¬ 
oratory  are  the  government  laboratories  responsible  for  conducting 
ground  mobility  research  for  the  U.  S.  Army  Materiel  Command  (AMC).  In 
1971,  a  unified  AMC  ground  mobility  program  was  implemented  that  specifi¬ 
cally  geared  the  capabilities  of  all  three  laboratories  to  achieve 
common  goals. 

As  a  first  step  in  the  unified  program,  a  detailed  review  was  made 
of  existing  vehicle  mobility  technology  and  of  the  problems  and  require¬ 
ments  of  the  various  engineering  practitioners  associated  with  the 
military  vehicle  life  cycle.  One  basic  requirement  was  identified  as 
common  to  all  practitioners  surveyed:  the  need  for  an  objective  ana¬ 
lytical  procedure  for  quantitatively  assessing  the  performance  of  a 
vehicle  in  a  specified  operational  environment. 

In  theory,  a  single  methodology  can  serve  the  needs  of  all  major 
practitioners,  provided  it  relates  vehicle  performance  to  basic  character¬ 
istics  of  the  vehicle-driver- terrain  system  at  appropriate  levels  of 
detail. 

Three  principal  categories  of  potential  users  of  the  methodology 
were  identified:  the  vehicle  development  community,  the  vehicle  procure¬ 
ment  community,  and  the  vehicle  user  community  (Figure  1).  The  greatest 
level  of  detail  is  needed  by  the  design  and  development  engineer  (vehicle 
design  and  development  community)  who  is  interested  in  subtle  engineering 
details — for  example,  wheel  geometry,  sprung  masses,  spring  rates,  track 
widths,  etc. — and  their  interactions  with  soil  strength,  tree  stems  of 
various  sizes  and  spacings,  approach  angles  in  ditches  and  streams,  etc. 

At  the  other  end  of  the  spectrum  is  the  strategic  planner  (user  com¬ 
munity)  ,  who  is  Interested  in  such  highly  aggregated  characteristics  as 
the  average  cross-country  speed  of  a  given  vehicle  throughout  a  speci¬ 
fied  region — the  net  result  of  many  interactions  of  the  engineering 
details  with  features  of  the  total  operational  environment.  To  be 
responsive  to  the  needs  of  all  three  user  communities,  the  methodology 
must  be  flexible  enough  to  provide  compatible  results  at  many  levels  and 
in  an  appropriate  variety  of  formats. 
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Interest  in  a  single,  unified  methodology  applicable  to  the  needs 

of  these  principal  users  led  to  the  creation  of  a  cross-country  vehicle 

computer  simulation  combining  the  best  available  knowledge  and  models  of 

the  day.  Much  of  this  knowledge  was  collected  in  Reference  1.  The 

first  realization  of  the  simulation  was  a  series  of  computer  programs 

2 

known  as  the  AMC-71  mobility  model,  called  AMC-71  for  short.  This 
model  first  became  operational  in  1971;  it  was  published  in  1973.  It 
was  conceived  as  the  first  generation  of  a  family  whose  descendants, 
under  tlu*  evolutionary  pressures  of  subsequent  research  and  validation 
testing  results,  application  experiences,  and  growing  user  requirements, 
would  be  characterized  by  greater  accuracy  and  applicability.  A  rela¬ 
tively  current  status  report  may  be  found  in  Reference  3,  after  which 
this  presentation  is  patterned. 

The  first  descendant,  to  be  known  as  AMM-75,  is  in  the  final 
stages  of  preparation.  Planned  for  release  by  the  fall  of  1975,  its 
major  features  are  highlighted  in  the  description  that  follows. 

Modeling  Off-Road  Vehicle  Mobility 

In  undertaking  mobility  modeling,  the  first  question  to  be  answered 
was  the  seemingly  easy  one:  What  is  mobility?  The  answer  had  been 
elusive  for  many  years.  Semantic  reasons  can  be  traced  to  the  begin¬ 
nings  of  mobility  research,  but  there  was  also  a  pervasive  reluctance  to 
accept  the  simple  fact  that  even  intuitive  notions  about  a  vehicle's 
mobility  depend  greatly  on  the  conditions  under  which  it  is  operating. 

By  the  mid-1960s,  however,  a  consensus  had  emerged  that  the  maximum 
feasible  speed-made-good*  by  a  vehicle  between  two  points  in  a  given 
terrain  was  a  suitable  measure  of  its  intrinsic  mobility  in  that  situation. 

This  definition  not  only  identified  the  engineering  measure  of 
mobility,  but  also  its  dependence  on  both  terrain  and  mission.  When,  at 
a  suitably  high  resolution,  the  terrain  involved  presents  the  identical 
set  of  impediments  to  vehicle  travel  throughout  its  extent,  mobility  in 

*  Speed-made-good  between  two  points  is  the  straight-line  distance 
between  them  divided  by  total  travel  time,  irrespective  of  path. 
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that  terrain  (ignoring  edge  effects)  ia  the  vehicle's  maximum  straight- 
line  speed  as  limited  only  by  those  impediments.  But  when,  as  is 
typically  the  case,  the  terrain  is  not  so  homogeneous,  the  problem 
immediately  becomes  more  complex.  Maximum  speed-made-good  then  becomes 
an  interactive  function  of  terrain  variations,  end  points  specified,  and 
the  path  selected.  (Note  that  the  last  two  constitute  at  least  part  of 
a  detailed  mission  statement.) 

AMC  Mobility  Model  Approach 

The  AMC  mobility  model  deliberately  represents  real  terrain  as  a 
mosaic  of  terrain  units  within  each  of  which  the  terrain  is  considered 
sufficiently  uniform  to  permit  use  of  the  simple,  maximum  straight-line 
speed  of  the  vehicle  to  define  its  mobility  in,  along,  or  across  that 
terrain  unit. 

Maximum  speed  predictions  are  made  for  each  terrain  unit  without 
concern  for  whether  or  not  distances  within  the  unit  are  adequate  to 
permit  the  vehicle  to  reach  the  predicted  maximum. 

This  vehicle  and  terrain-specific  speed  prediction  is  the  basic 
output  of  the  model.  The  model,  in  addition,  generates  data  that  may  be 
used  to  predict  operational  vibration  levels,  mission  fuel  consumption, 
etc.,  and  provides  diagnostic  information  as  to  the  factors  limiting 
speed  performance  in  the  terrain  unit. 

The  speed  and  other  performance  predictions  for  all  terrain  units 
in  an  area  can  be  Incorporated  into  maps  that  specify  feasible  levels  of 
performance  that  a  given  vehicle  might  achieve  at  all  points  in  the 
area.  At  this  point,  the  output  is  reasonably  general  and  is  essenti¬ 
ally  independent  of  mission  and  operational  scenario  Influences. 

The  basic  data  constituting  the  maps  must  usually  be  further 
processed  to  meet  the  needs  of  specific  users.  These  needs  vary  from 
relatively  simple  statistics  or  indices  reflecting  overall  vehicle 
compatibility  with  the  terrain,  to  extensive  analyses  involving  detailed 
or  generalized  missions.  At  present  only  one  output  processer  is  con¬ 
sidered  a  standard  part  of  AMM-7S.  This  post-processer  accumulates  a 


speed  for  a  single  vehicle  in  a  single  areal  terrain  patch  or 
terrain  unit. 

b.  The  linear  feature  module,  which  computes  the  minimum  feasible 
time  for  a  single  vehicle,  aided  or  unaided,  to  cross  a  uni¬ 
form  segment  of  a  significant  linear  terrain  feature  such  as 
a  stream,  ditch,  or  embankment. 

£.  The  on-road  module,  which  computes  the  maximum  feasible  speed 
of  a  single  vehicle  traveling  along  a  uniform  segment  of  a 
road  or  trail. 

These  three  modules  have  been  and  are  still  able  to  be  used 
separately  or  with  output  superimposed.  A  new  feature  of  AMM-75  is  the 
ability  to  simulate  travel  from  terrain  unit  to  terrain  unit  in  the 
sequence  given  by  the  terrain  input  file.  In  this  mode,  known  as  the 
traverse  mode,  sufficient  output  data  can  be  provided  so  that  the  user 
may  calculate  acceleration  and  deceleration  times  and  distances  between 
and  across  terrain  unit  boundaries,  and  thereby  determine  actual  travel 
time  and  speed-made-good  over  a  chosen  route. 

All  three  modules  draw  from  a  common  data  base  that  describes 
quantitatively  the  vehicle,  the  driver,  and  the  terrain  to  be  examined 
in  the  simulation.  The  general  content  of  the  data  base  is  shown  in 
Table  1. 


Model  Inputs  and  Preprocessers 


Terrain 

For  the  purposes  of  the  model,  each  terrain  unit  is  described  at 
any  given  time  by  values  for  a  series  of  22  mathematically  independent 
terrain  factors  for  an  areal  unit  (including  lake  and  marsh  factors) ,  10 
for  the  cross  section  of  a  linear  feature  to  be  negotiated,  and  9  to 
quantify  a  road  segment  (Tables  2  and  3).  General-purpose  terrain  data 
also  Include  separate  values  for  several  terrain  factor  values  that  vary 
during  the  year.  For  example,  at  present  such  general  data  for  areal 
terrain  include  four  values  for  soil  strength  (dry,  average,  wet,  and 
wet-wet  seasons)  and  four  seasonal  values  for  recognition  distances  in 
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statistical  picture  of  maximum  feasible  speeds  in  the  terrain,  and  of 
the  terrain-driver-vehicle  interactions  that  account  for  speed  limits  or 
NOGO  situations.  (AMC-71  includes  a  path  selection  model,  which  chooses 
the  minimum  time  path  from  a  network  of  possible  paths,  based  on  speeds 
along  the  network  links  predicted  by  the  mobility  model.  While  this 
model  is  not  a  standard  part  of  AMM-75,  it  can  be  used  with  AMM-75  for 
special  studies.) 


Overall  Structure  of  AMC  Mobility  Model 

In  formulating  AMC-71,  it  was  recognized  that  its  ultimate  usefulness 

to  decision  makers  in  the  vehicle  development,  procurement,  and  user 

4  ... 

communities  would  depend  upon  its  realism  and  credibility.  These 
perceived  requirements  led  to  several  more  concrete  objectives  related 
to  the  overall  structure  of  the  model.  It  was  determined  that  the  model 
should  be  designed  to: 

a.  Allow  validation  by  parts  and  as  a  whole. 

b.  Make  a  clear  distinction  between  engineering  predictions  and 
any  whose  outcome  depends  significantly  upon  human  judgment, 
with  the  latter  kept  visible  and  accessible  to  the  model  user. 

c.  Be  updated  readily  in  response  to  new  vehicle  and  vehicle- 
terrain  technology. 

d.  Use  measured  subsystem  performance  data  in  place  of  analytical 
predictions  when  and  as  available  and  desired. 

These  objectives,  plus  the  primary  goal  of  supporting  vehicle 
decision  making  at  the  several  levels,  clearly  dictated  a  highly  modular 
structure  that  could  both  provide  and  accept  data  at  the  subsystem 
level,  as  well  as  make  predictions  for  the  vehicle  as  a  whole.  The 
resulting  gross  structure  of  the  model  is  illustrated  in  Figure  2. 

At  the  heart  of  the  model  are  three  Independent  computational 
modules,  each  comprised  of  analytical  relations  derived  from  laboratory 
and  field  research,  suitably  coupled  in  the  particular  type  of  operation: 
a.  The  areal  patch  module,  which  computes  the  maximum  feasible 


10 


vegetated  areas.  Similar  variations  in  effective  ground  roughness, 
resulting  from  seasonal  changes  in  soil  moisture  (including  freezing) 
and  in  the  cultivation  of  farm  land,  can  be  envisioned  for  the  future. 
Further  details  on  the  terrain  factors  used  are  given  in  Reference  5. 

As  discussed  earlier,  the  basic  approach  to  representing  a  complex 
terrain  is  to  subdivide  it  into  areal  patches,  linear  feature  segments, 
or  road  segments,  each  of  which  can  be  considered  to  be  uniform  within 
its  bounds.  This  concept  is  implemented  by  dividing  the  range  of  each 
individual  terrain  factor  value  into  a  number  of  class  intervals,  based 
upon  considerations  of  vehicle  response  sensitivity  and  practical  measure¬ 
ment  and  mapping  resolution  problems.  A  patch  or  a  segment  is  then 
defined  by  the  condition  that  the  class  interval  designator  for  each 
factor  involved — 22  areal,  or  10  linear,  or  9  road — is  the  same  through¬ 
out.  A  new  patch  or  segment  is  defined  whenever  one  or  more  factors 
fall  into  a  new  class  interval. 

The  terrain  data  base  contains,  for  each  uniform  patch  or  segment, 
a  series  of  numbers  specifying  the  value  for  each  of  its  factors.  A 
sample  of  such  a  listing  for  areal  terrain,  and  of  the  terrain  factor 
complex  map  to  which  it  relates  is  shown  in  Figure  3.*  As  suggested  by 
Table  2,  the  terrain  data  base  is  in  fact  different  for  the  three  types 
of  terrain  (areal,  linear,  and  on-road). 

Before  being  used  in  the  three  computational  modules,  the  basic 
terrain  data  are  passed  through  a  terrain  data  preprocesser.  This 
preprocesser  does  three  things: 

a.  Converts  as  necessary  all  data  from  the  units  in  which  they 
are  stored  to  Inches,  pounds,  seconds,  and  radians,  which  are 
used  throughout  the  subsequent  performance  calculations. 

b.  Selects  prestored  soil  strengths  and  visibility  distances 
according  to  run  specifications,  which  are  supplied  as  part  of 
the  scenario  data  (see  below) . 

*  In  the  example,  the  area  within  any  areal  terrain  patch  is  represented 
by  an  integral  number  of  rectangular  cells,  127x106  m.  This  repre¬ 
sentation  allows  results  to  be  output  on  a  normal  computer  printer  in 
the  form  of  1:25,000  maps. 


c.  Calculates  from  the  terrain  measurements  in  the  basic  terrain 
data  a  small  number  of  mathematically  dependent  terrain 
variables  used  in  the  computational  modules. 

Vehicle 

The  vehicle  is  specified  in  the  vehicle  data  base  in  terms  of  its 
basic  geometric,  inertial,  and  mechanical  characteristics.  The  complete 
vehicle  characterization  as  used  by  the  performance  computation  modules 
includes  measures  of  dynamic  response  to  ground  roughness  and  obstacle 
impact,  and  the  clearance  and  traction  requirements  of  the  vehicle  while 
it  is  negotiating  a  parametric  series  of  discrete  obstacles.*  The  model 
structure  permits  use  at  these  points  of  appropriate  data  derived  either 
from  experiments  or  from  supporting  stand-alone  simulations  used  as  pre- 
processes.  One  supporting  two-dimensional  ride  and  obstacle  crossing 
dynamics  module  for  obtaining  requisite  dynamics  responses^  and  a  second 
supporting  module  for  computing  obstacle  crossing  traction  requirements 
and  interferences^  are  available  as  elements  of  the  AMM-75  model.  Both 
derive  some  required  information  from  the  basic  vehicle  data  base,  and 
both,  when  used,  constitute  stand-alone  vehicle  data  preprocessors. 

There  is  also  an  integral  vehicle  data  preprocesser  which,  like 
the  terrain  data  preprocesser,  has  three  functions: 

a.  To  convert  vehicle  input  data  to  uniform  inches,  pounds, 
seconds,  and  radians. 

b.  To  calculate,  from  the  input  data,  controlling  soil  performance 
parameters  and  other  simpler  dependent  vehicle  variables 
subsequently  used  by  the  computational  modules,  but  usually 

not  readily  measured  on  a  vehicle  or  available  in  its  engineering 
specifications. 

c.  To  compute  the  basic  steady-state  traction  versus  speed 
characteristics  of  the  vehicle  power  train,  from  engine  and 
power  train  characteristics. 

As  in  the  case  of  dynamics  responses  and  obstacle  capabilities,  the  last 
item,  the  steady-state  tractive  force-speed  relation,  may  be  input 
directly  from  proving  ground  data,  when  available  and  desired. 

*  A  simpler  obstacle-crossing  model  was  integral  to  the  AMC-71  areal 
module. 
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Details  of  the  vehicle  input  data  required  for  operation  of  the 
areal,  linear  feature,  on-road,  and  obstacle  negotiation  modules  are 
given  in  Table  4.  The  two-dimensional  ride  and  obstacle  impact  dynamics 
simulation  requires  special,  detailed  spring  and  damping  data  and  mass 
properties  not  included  in  Table  4,  but  indicated  in  Reference  6. 

Driver 

The  driver  attributes  used  in  the  model  characterize  the  driver  in 
terms  of  his  limiting  tolerance  to  shock  and  vibration  and  his  ability 
to  perceive  and  react  to  visual  stimuli  affecting  his  behavior  an  a 
vehicle  controller.  While  these  attributes  are  identified  in  Figure  2 
and  Table  1  as  part  of  the  data  base,  in  AMC-71  they  are  built  into  the 
program.  AMM-75  provides  for  their  specific  identification  and  user 
control  so  that  the  effects  of  various  levels  of  driver  motivation, 
associated  with  combat  or  resupply  missions,  for  example,  can  be  considered. 
Scenario 

Several  optional  features  are  available  to  the  user  of  AMM-75 
(weather,  presumed  driver  motivation,  operational  variations  in  tire 
inflation)  which  allow  him  to  match  the  model  predictions  to  features  or 
assumptions  of  the  full  operational  scenario  for  which  he  requires  the 
predictions.  Model  instructions  which  select  and  control  these  options 
are  referred  to  as  scenario  inputs. 

The  scenario  options  for  AMC-71  are  limited  to  the  specification 
of  season  which,  when  seasonal  differences  in  soil  strength  constitute  a 
part  of  the  terrain  data,  allows  selection  of  the  soil  strength  accord¬ 
ing  to  the  variations  in  soil  moisture  with  seasonal  rainfall.  AMM-75 
expands  the  scenario  options  to  include  specifications  of: 

a.  Weather,  which  affects  soil  slipperiness  and  driving  visibility, 
(Including  dry  snow  over  frozen  ground  and  associated  conditions). 

b.  Several  levels  of  operational  influences  on  driver  tolerances 
to  ride  vibrations  and  shock,  and  on  driver  strategy  in 
negotiating  vegetation  and  using  brakes. 

£.  Reasonable  play  of  tire  pressure  variations  to  suit  the  mode 
of  operation — on-road,  cross-country,  and  in  sand. 


In  addition,  the  model  can  now  be  used  under  a  simple  scenario  command 
to  make  predictions  in  relation  to  a  traverse  (given  directional  terrain 
data  specifically  along  the  traverse)  as  well  as  to  make  omnidirectional 
predictions  for  an  area. 


Stand-Alone  Simulation  Modules 


As  indicated  above,  the  model  is  implemented  by  a  series  of 
independent  modules.  The  terrain  and  vehicle  preprocessors,  already 
described,  form  two  of  these.  Two  further  major  stand-alone  simulation 
modules  will  now  be  briefed. 


Dynamics  module 

The  areal  module  examines  as  possible  vehicle  speed  limits  in  a 
given  terrain  situation  two  limits  which  are  functions  of  vehicle 
dynamic  responses:  speed  as  limited  by  the  driver's  tolerance  to  his 
vibrational  environment  when  the  vehicle  is  operating  over  continuously 
rough  ground,  and  speed  as  limited  by  the  driver's  tolerance  to  impact 
received  while  the  vehicle  is  crossing  discrete  obstacles.  It  is  assumed 
that  the  driver  will  adjust  his  speed  to  ensure  that  his  tolerance 
levels  will  not  be  exceeded. 

The  ride  dynamics  module  of  AMM-75^  computes  accelerations  and 
motions  at  the  driver's  station  (and  other  locations,  if  desired)  while 
the  vehicle  is  operating  at  any  given  speed  over  any  given  terrain 
profile.  The  profile  may  be  continuously,  randomly  rough,  may  consist 
solely  of  a  single  discrete  obstacle,  or  may  be  anything  between.  From 
the  computed  motions,  associated  with  driver  modeling  and  specified  tol¬ 
erance  criteria,  simple  relations  are  developed  for  a  given  vehicle 
between  relevant  terrain  measurements  and  maximum  tolerable  speed.  The 
terrain  measurement  to  which  ride  speed  is  related  is  the  root  mean 
square  (rms)  elevation  of  the  ground  profile  (with  terrain  slopes  and 
long-wavelength  components  removed).  The  terrain  descriptors  for 
obstacles  are  obstacle  height  and  obstacle  spacing. 

The  terrain  parameters  involved,  rms  elevation  and  obstacle  height 
and  spacing,  are  factors  quantified  in  each  patch  description,  and  rms 
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elevation  is  specified  for  each  road  segment.  Preprocessing  of  the 
vehicle  data  in  the  ride  dynamics  module  provides  an  expedient  means  of 
predicting  dynamics-based  speed  in  the  patch  and  road  segment  modules 
via  a  simple,  rapid  table-lookup  process. 

The  currently  implemented  ride  dyanmics  module  is  a  digital 
simulation  that  treats  vehicle  motions  in  the  center-line  plane  only 
(two  dimensions).  It  is  a  generalized  model  that  will  handle  any  rigid- 
frame  vehicle  on  tracks  and/or  tires,  with  any  suspension.  Tires  are 
modeled  using  a  segmented  wheel  representation,  and  a  variation  of  this 
representation  is  used  to  introduce  first-order  coupling  of  the  road 
wheels  on  a  tracked  vehicle  by  its  tracks.  The  simulation  requires 
detailed  vehicle  data  that  are  not  used  in  the  speed  prediction  modules 
and  not  shown  in  Table  4.  The  complete  listing  of  vehicle  input  data 
used  is  given  in  Reference  6. 

Driver  model  and  tolerance  criteria.  It  has  been  shown  empirically 

that,  in  the  continuous  roughness  situation,  driver  tolerance  is  a 
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function  of  the  vibrational  power  being  absorbed  by  the  body.  The  same 
work  showed  that  the  tolerance  limit  for  representative  young  American 
males  T  approximately  6  watts  of  continuously  absorbed  power,  and  the 
research  resulted  in  a  relatively  simple  model  for  power  absorption  by 
the  body.  The  body  power  absorption  model,  based  upon  shaping  filters 
applied  to  the  decomposed  acceleration  spectrum  at  the  driver's  station, 
is  an  integral  part  of  the  AMM-75  two-dimensional  dynamics  simulation. 

In  AMC-71,  only  the  6  watt  criterion  was  used  to  determine  a  given 
vehicle's  speed  as  limited  by  rms  roughness.  More  recent  measurements 
in  the  field  have  shown  that  with  sufficient  motivation  young  military 
drivers  will  tolerate  up  to  15  watts  for  periods  of  many  minutes. 
Accordingly,  AMM-75  will  accept  as  vehicle  data  a  series  of  ride  speed 
versus  rms  elevation  relations,  each  corresponding  to  a  different 
absorbed  power  level,  and  will  use  these  to  select  ride-speed  limits 
according  to  the  operationally  related  level  called  for  by  the  scenario. 
The  ride  dynamics  module  will,  of  course,  produce  the  required  additional 
data,  but  some  increased  running  time  is  involved. 
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The  criterion  limiting  the  speed  of  .1  vehicle  crossing  a  single 
discrete  obstacle,  or  a  series  of  closely,  regularly  spaced  obstacles, 
is  a  peak  acceleration  at  the  driver's  seat  of  2.5  g  passing  a  30-Hz 
filter.  Data  relating  the  2.5-g  speed  limit  to  obstacle  height  and 
spacing  can  be  developed  in  the  ride  dynamics  module  by  inputting 
appropriate  profiles. 

AMM-75  requires  two* obstacle  impact  relations:  the  first,  speed 
versus  obstacle  height  for  a  single  obstacle  (spacing  very  great);  and 
the  second,  speed  versus  regular  obstacle  spacing  for  that  single  ob¬ 
stacle  height  (from  the  s  ,le  obstacle  relation)  which  limits  vehicle 
speed  to  a  maximum  of  15  mph  (24  kpm) .  For  obstacles  spaced  at  greater 
than  two  vehicle  lengths,  the  single-obstacle  speed  versus  obstacle 
height  relation  is  used.  For  closer  spacings,  the  least  speed  allowable 
by  either  relation  is  selected. 

Ob stacle-c rosslng  module 

A  new  module  is  provided  in  AMM-75  to  determine  interferences  and 
traction  requirements  when  vehicles  are  crossing  the  kind  of  minor 
ditches  and  mounds  characterized  as  part  of  the  areal  terrain.  It 
is  used  as  a  stand-alone  preprocessor  module  to  the  areal  module  of  AMM- 
75. 

The  new  obstacle-crossing  module  simulates  the  inclination  and 
position,  interferences,  and  traction  requirements  of  a  two-dimensional 
(center-line  plane)  vehicle  crossing  a  single  obstacle  of  any  profile 
configuration  or  any  arbitrary  sequence  of  such  obstacles.  The  module 
determines  a  series  of  static  equilibrium  positions  of  the  vehicle  as  it 
progresses  across  the  obstacle  profile.  Extent  of  interference  is 
determined  by  comparison  of  the  obstacle  profile  and  the  displaced 
vehicle  bottom  profile.  Traction  demand  at  each  position  is  determined 
by  the  forces  on  driven  running  gear  elements,  tangential  to  the  ob¬ 
stacle  surface,  required  to  maintain  the  vehicle's  static  position. 

Pitch  compliance  of  suspension  elements  and  of  frame  articulation  (as  at 
pitch  joints,  trailer  hitches,  etc)  is  accounted  for. 

In  AMC-71,  the  determination  of  vehicle  obstacle  negotiation  in  an 
areal  terrain  unit  was  performed  repeatedly  within  the  areal  module  for 
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each  terrain  unit  as  it  occurred.  Tills  proved  time-consuming  and  was 
unnecessary  for  two  terrain  units  with  the  same  obstacles.  The  AMC-71 
obstacle  routine  made  simplified  tests  for  interference  and  traction 
requirements  at  a  limited  number  of  critical  stages  in  the  process  of 
obstacle  regotiation  (for  instance,  front-end  interference  approach 
angle  at  initial  obstacle  contact,  belly  interference  across  the  top  of 
a  mound,  and  traction  required  on  the  upslope  side.)  The  routine 
assumed  a  rigid  frame  vehicle  and  a  2-axle  or  rigid  track  running  gear 
with  no  suspension  compliance.  The  AMC-71  modeling  approach  requires 
that  the  designer  of  the  routine  foresee  all  possible  cases  of  inter¬ 
ference  for  all  types  of  vehicles.  When  this  critical  check  technique 
is  to  be  applied  to  suspended  multi-axle  vehicles,  or  to  pitch-articulated 
vehicles,  the  number  of  tests  to  be  made  becomes  very  large  and  too  much 
reliance  is  placed  on  the  model  designer's  intuition.  The  chance  of 
mistakes  is  great. 

In  response  to  these  objections  and  with  the  desire  to  allow 
AMM-75  to  treat  properly  a  greater  variety  of  more  realistic  vehicle 
designs,  including  articulated  vehicles,  softly-sprung  vehicles,  and 
vehicles  with  large  variations  in  weight  distribution  from  one  running 
gear  unit  to  another,  the  more  detailed  equilibrium  calculation  approach 
was  adopted  for  interference  and  traction.  In  this  technique,  the 
vehicle,  mathematically,  is  moved  across  the  obstacle  in  fixed  steps. 

At  each  step  the  vehicle's  equilibrium  elevation  and  attitude  are 
calculated  by  minimizing  the  potential  energy  of  height  and  suspension. 
Currently,  the  module  is  operational  for  wheeled  vehicles  on  obstacles 
for  which  relatively  small  pitch  angles  can  be  assumed.  This  allows 
each  equilibrium  position  to  be  found  by  the  solution  of  linear  equations. 

In  order  to  assure  that  all  possible  locations  where  interference 
can  occur  are  at  least  approximated,  the  step  size  across  the  obstacle 
must  be  small  compared  to  the  size  of  the  obstacle  and  vehicle.  This 
forces  the  new  model  to  consume  considerable  time  to  check  each  obstacle- 
vehicle  combination.  To  minimize  total  computing  time,  the  obstacle 
module  is  run  out  of  the  main  stream  of  the  AMM-75  processing  modules. 

This  is  feasible  because  in  AMM-75,  as  in  AMC-71,  obstacle  cross  sections 
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characterized  as  part  of  the  areal  terrain  (as  distinct  from  major 
obstacles  which  are  treated  separately  as  linear  features)  are  con¬ 
sidered  symmetrical  and  are  defined  by  only  three  parameters:  height 
(or  depth),  approach  angle,  and  width. 

The  new  model,  run  as  a  preprocesser  module,  produces  a  table  of 
minimum  clearances  (or  maximum  interferences)  and  average  and  maximum 
force  required  to  cross  a  representative  sample  of  obstacles  defined  by 
combinations  of  obstacle  dimensions  varied  over  the  ranges  appropriate 
for  features  included  in  the  areal  terrain  description.  This  is  done 
only  once  for  each  vehicle.  Included  in  the  AMM-75  areal  module  is  a 
three-dimensional  linear  interpolation  routine  which,  for  any  given  set 
of  obstacle  parameters,  approximates  from  the  derived  table  the  corres¬ 
ponding  vehicle  clearance  (or  interference)  and  associated  traction  require¬ 
ments.  Obviously,  the  more  entries  there  are  in  the  table,  the  more 
precise  will  be  the  determination. 

Main  Computational  Modules 

The  highly  iterative  computations  required  to  predict  vehicle 
performance  in  each  of  the  many  terrain  units  needed  to  describe  even 
limited  geographic  areas  are  carried  out  in  the  three  main  computational 
modules.  Each  of  these  involve  only  direct  arithmetic  algorithms  which 
are  rapidly  processed  in  modern  computers.  In  AMM-75,  even  the  inte¬ 
grations  required  to  compute  acceleration  and  deceleration  between 
obstacles  within  an  areal  patch  are  expressed  in  closed,  algebraic  form. 

Terrain  input  data  include  a  flag,  which  signifies  to  the  model 
whether  the  data  describe  an  areal  patch,  a  linear  feature  segment,  or 
a  road  segment.  This  flag  calls  up  the  appropriate  computational  module. 
Areal  terrain  unit  module 

This  module  calculates  the  maximum  speed  a  vehicle  could  achieve 
and  maintain  while  crossing  an  areal  terrain  unit.  The  speed  is  limited 
by  one  or  a  combination  of  the  following  factors: 

ja.  Traction  available  to  overcome  the  combined  resistances  of 
soil,  slope,  obstacles,  and  vegetation. 


18 


b.  Driver  discomfort  in  negotiating  rough  terrain  (ride  comfort) 
and  his  tolerance  to  vegetation*  and  obstacle  impacts. 

c.  Driver  reluctance  to  proceed  faster  than  the  speed  at  which 
the  vehicle  could  decelerate  to  a  stop  within  the,  possibly 
limited,  visibility  distance  prevailing  in  the  areal  unit 
(braking-visility  limit). 

d.  Maneuvering  to  avoid  trees  and/or  obstacles. 

e.  Acceleration  and  deceleration  between  obstacles  if  they  are  to 
be  overridden. 

Figure  4  shows  a  general  flow  chart  of  how  the  calculations  of  the  areal 
module  in  AMM-75  are  organized. 

After  determination  of  some  vehicle  and  terrain-dependent  factors 
used  repetitively  in  the  patch  computation  (1),**  the  module  is  entered 
with  the  relation  between  vehicle  steady-state  speed  and  theoretical 
tractive  force  and  with  the  minimum  soil  strength  that  the  vehicle 
requires  to  maintain  headway  on  level,  weak  soils.  These  data  are 
provided  by  the  vehicle  data  preprocesser.  Soil  and  slope  resistances 
(2)  and  braking  force  limits  (4)  are  computed,  and  the  basic  tractive 
force-speed  relation  is  modified  to  account  for  soil-limited  traction, 
soil  and  slope  resistances,  and  resulting  tire  or  track  slip.  Forces 
required  to  override  prevailing  tree  stems  are  calculated  for  eight 
cases  (3):  first,  overriding  only  the  smallest  stems,  then  overriding 
the  next  largest  class  of  stems  as  well,  etc.,  until  in  the  eighth  case 
all  stems  are  being  overridden. 

Stem  override  resistances  are  combined  with  the  modified  tractive 
force-speed  relation  to  predict  nine  speeds  as  limited  by  basic  resis¬ 
tances  (5).  (The  ninth  speed  corresponds  to  avoiding  all  tree  stems.) 

Maximum  braking  force  and  recognition  distance  are  combined  to 
compute  a  visibility- limited  speed  (6).  Resistance  and  visibility- 
limited  speeds  are  compared  to  the  speed  limited  by  tire  loading  (7),  if 

*  Checked  as  part  of  the  areal  terrain  unit  module. 


applicable,  and  Co  Che  speed  limlc  Imposed  by  driver  tolerance  to  ve¬ 
hicle  motions  resulting  from  ground  roughness  (8).  The  least  of  these 
for  each  tree  overrlde-and-avoid  option  becomes  the  maximum  speed 
possible  between  obstacles  by  that  option,  except  for  degradation  due  to 
maneuvering  (9). 

Obstacle  avoidance  and/or  the  tree  avoidance  implied  by  limited 
stem  override  requires  the  vehicle  to  maneuver  (or  may  be  impossible). 
Using  speed  reduction  factors  (derived  in  1)  associated  with  avoiding 
all  obstacles  (if  possible)  and  avoiding  the  appropriate  classes  of  tree 
stems,  a  series  of  nine  possible  speeds  (including  zero,  or  NOGO)  is 
computed  (10). 

A  similar  set  of  nine  speed  predictions  is  made  for  the  vehicle 
maneuvering  to  avoid  tree  stems  only  (10).  These  are  further  modified 
by  several  obstacle  crossing  considerations. 

Possible  NOGO  interference  between  the  vehicle  and  the  obstacle  is 
checked  (12).  If  obstacle  crossing  pioves  to  be  NOGO,  all  associated 
vegetation  override  and  avoid  options  are  also  NOGO.  If  there  are  no 
critical  interferences,  the  increase  in  traction  required  to  negotiate 
the  obstacle  is  determined  (12). 

Next,  obstacle  approach  speed  and  the  speed  at  which  the  vehicle 
will  depart  the  obstacle,  as  a  result  of  the  momentarily  added  resis¬ 
tance  encountered,  are  computed  (13).  Obstacle  approach  speed  is  taken 
as  the  lesser  of  the  speed  between  obstacles,  reduced  for  maneuver 
required  by  each  stem  override  and  avoid  option,  and  the  speed  limited 
by  the  driver  to  control  his  crossing  impact  (11).  Speeds  off  the 
obstacle  are  computed  on  the  basis  solely  of  the  soil-  and  slope-modified 
tractive  force-speed  relation  (22),  i.e.  before  the  tractive  force  speed 
relation  is  modified  to  account  for  vegetation  override  forces,  the 
traction  increment  required  for  obstacle  negotiation,  or  any  kinetic 
energy  available  as  a  result  of  the  associated  obstacle  approach  speed 
(13). 

Final  average  speed  in  the  patch  for  each  of  the  nine  tree  stem 
override  and  avoid  options,  while  the  vehicle  is  overriding  patch  ob¬ 
stacles,  is  computed  from  the  speed  profile  resulting,  in  general,  from 
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considering  the  vehicle  to  accelerate  from  the  assigned  speed  off  the 
obstacle  to  the  allowable  speed  between  obstacles  (or  to  a  lesser  speed 
if  obstacle  spacing  is  insufficient),  to  brake  to  the  allowable  obstacle 
approach  speed,  and  to  cross  the  obstacle  per  se  at  the  computed  crossing 
speed. 

Following  a  final  check  to  ensure  that  traction  and  kinetic  energy 
are  sufficient  for  single-tree  overrides  called  for  (and  possible  re¬ 
setting  of  speeds  for  some  options  to  NOGO)  a  single  maximum  in-patch 
speed  (for  the  direction  of  travel  being  considered  relative  to  the  in¬ 
unit  slope)  is  selected  from  among  the  nine  available  values  associated 
with  obstacle  avoidance  and  the  nine  for  the  obstacle-override  cases. 

If  all  18  options  are  NOGO,  the  patch  ia  NOGO  for  the  direction  of 
travel.  If  several  speeds  are  given,  selection  is  made  by  one  of  two 
logics  according  to  scenario  input  instructions. 

In  AMC-71  the  driver  was  assumed  to  be  both  omniscient  and  somewhat 
mad.  Accordingly,  the  maximum  speed  possible  by  any  of  the  18  strategies 
was  selected  as  the  final  speed  prediction  for  the  terrain  unit  (and 
slope  direction).  Field  tests  have  shown,  however,  that  a  real  driver 
does  not  often  behave  in  this  ideal  manner  when  driving  among  trees. 
Rather,  he  will  take  heroic  measures  to  reach  some  reasonable  minimum 
speed,  but  will  not  continue  such  efforts  when  those  measures  involve 
knocking  down  trees  that  he  judges  it  imprudent  to  attack,  even  though 
by  doing  so  he  could  go  still  faster.  In  AMM-75,  either  assignment  of 
maximum  speed  may  be  made:  the  absolute  maximum  which  addresses  the 
vehicle's  ultimate  potential,  or  a  lesser  value  which  in  effect  models 
actual  driver  behavior  more  closely. 

In  AMM-75,  if  the  scenario  data  specify  a  traverse  prediction,  the 
in-unit  speed  and  other  predictions  are  complete  at  this  point,  and  the 
model  stores  those  results  specified  by  the  user  and  goes  on  to  consider 
the  next  terrain  unit  (or  next  vehicle,  condition,  etc).  When  a  full 
areal  prediction  is  called  for,  the  entire  computation  is  repeated  three 
times:  once  for  the  vehicle  operating  up  the  in-unit  slope,  once  across 
the  slope,  and  once  down  the  slope.  Desired  data  are  stored  from  each 
such  run  prior  to  the  next,  and  at  the  conclusion  of  the  third  run,  the 
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three  speeds  are  averaged.  Averaging  is  done  on  the  assumption  that 
one-third  of  the  distance*  will  be  traveled  in  each  direction,  resulting 
in  an  omnidirectional  mean. 

The  areal  module  of  AMM-75,  as  compared  with  that  of  AMC-71,  is 
significantly  improved  in  several  other  respects. 

a.  AMC-71  assumes  all  running  gears  of  a  vehicle  to  be  powered, 
geometrically  identical,  and  equally  loaded.  AMM-75  can 
simulate  vehicles  and  vehicle  combinations  having  various 
configurations  of  powered,  braked,  and  towed  wheels  and  tracks, 
variously  loaded.  This  is  done  by  calculating  the  tractive 
effort  and  motion  resistance  of  the  vehicle  running  gear  one 
element  at  a  time  and  summing  for  the  whole  configuration.  A 
separate  value  of  excess  vehicle  cone  index  (VCI)  is  calcu¬ 
lated  for  each  running  gear  and  then  relations  presented  in 
References  1  and  10  are  used  to  find  traction  and  resistance 
coefficients  for  that  running  gear.  The  load  (possibly  modi¬ 
fied  for  slope  or  buoyancy  as  specified  by  the  terrain  unit) 
and  the  running  gear  VCI's  are  then  used  to  calculate  overall 
maximum  tractive  effort  and  resistance.  This  allows  the 
modeling  of  vehicles  such  as  half-tracks;  towed,  powered,  or 
braked  trailers;  articulated  vehicles;  and  vehicles  with  gross 
variations  in  load  distributions  and  running-gear  geometry. 

b.  AMM-75  contains  equations  that  allow  simulations  of  travel 
across  slippery  soils,  muskeg,  and  shallow  dry  snow  in  ad¬ 
dition  to  the  fine-  and  coarse-grained  soils  covered  in  AMC- 
71.  Slipperiness  effects  are  included  whenever  the  scenario 
calls  for  rain  or  standing  water  and  soil  surfaces  are  flooded 
or  locally  very  wet.  Separate  relations  are  used  for  fat  clay 
soils,  which  are  impervious  to  water,  and  for  other  more 


pervious  fine-grained  soils.  Where  soil  is  relatively  soft, 
slipperiness  is  not  a  factor.  When  the  surface  is  very  hard, 
the  slipperiness  factor  becomes  constant,  indicating  a  "skat¬ 
ing"  condition.  Muskeg  performance  relations  included  are 
those  published  in  Reference  11.  Shallow  snow  is  defined  as 
snow  covering  frozen  ground  at  a  depth  less  than  the  char¬ 
acteristic  length  of  the  tire  or  less  than  one  third  of  the 
characteristic  length  of  the  track.  To  calculate  the  drawbar- 
pull  and  resistance  coefficients  for  shallow  snow,  the  model 
uses  snow  effective  cohesion,  internal  friction,  and  specific 
weight.  Traction  is  calculated  by  means  of  the  familiar 
Coulomb  relation,  and  motion  resistance  is  obtained  by  means 
of  two  empirical  functions  (based  upon  limited  tests  in  shallow 
dry  snow  over  the  years  1955  through  1972) ,  one  for  tracked 
vehicles,  one  for  wheeled.  In  both  relations  the  fundamental 
prediction  term  involves  the  ratio  of  nominal  running  gear 
contact  length  to  snow  depth  after  compression  of  the  snow  to 
a  specific  gravity  of  0.4.  Drawbar-pull  or  net  traction 
available  is  taken  as  the  excess  of  traction  over  motion 
resistance. 

c.  The  net  tractive  performance  of  wheeled  vehicles  in  soils  and 
dry  snow  is  significantly  influenced  by  tire  inflation  pres¬ 
sure,  load  and  resulting  tire  deflection,  and  to  a  lesser 
extent  by  the  fitting  of  slip-limiting  or  locking  differen¬ 
tials.  The  effects  of  these  factors  are  modeled  in  the  re¬ 
vised  soil  submodel  in  AMM-75.  A  new  speed  limit  is  also 
introduced  to  ensure  that  the  speed  reduction  which  must 
accompany  operations  at  reduced  tire  inflations  is  accounted 
for.  Separate  inflation  versus  speed-limit  relations  are  used 
for  bias-ply  and  radial  tire  construction. 

d.  Tn  AMC-71  resistance  encountered  during  obstacle  crossing  in 
an  area  is  averaged  over  the  entire  patch  area.  In  AMM-75, 
the  full  value  of  this  resistance  is  introduced  at  the  ob¬ 
stacles  only,  giving  rise  to  possible  deceleration  and 
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acceleration  at  obstacles  in  the  same  general  manner  as  does 
the  driver's  slowing  to  reduce  obstacle  crossing  impact  to  the 
tolerable  level. 

e.  The  relation  between  vehicle  speed  and  tractive  effort  available 
at  that  speed  is  used  throughout  the  module.  In  AMC-71  this 
relation  is  kept  as  a  table,  which  necessitates  frequent 
searches  and  interpolations.  In  AMM-75  the  tractive  force- 
speed  is  modeled  as  a  series  of  quadratic  equations,  one  for 
each  gear  or  section  of  a  gear  range.  The  vehicle  preprocesser 
initially  fits  the  quadratics  to  the  theoretical  rimpull  power 
train  curve.  The  areal  module  then  modifies  the  quadratics 
for  traction  limit,  for  slope,  and  for  running-gear  longi¬ 
tudinal  slip.  The  availability  of  the  tractive  effort  in 
quadratic  form  allows  closed-form  integration  in  the  calcu¬ 
lation  of  acceleration  times  and  distances.  This  provides  for 
a  more  precise  and  rapid  calculation  of  average  speed  as  a 
result  of  acceleration  and  deceleration  between  obstacles  than 
was  available  in  AMC-71. 

Jf.  The  effects  of  rotating  masses  (gears,  wheels,  tracks,  etc.), 
which  must  be  rotationally  accelerated  as  the  vehicle  pass  per 
se  is  accelerated  linearly,  have  been  incorporated  in  AMM-75 
computations  of  vehicle  acceleration  and  deceleration  performance. 
This  is  done  by  using  values  for  the  equivalent  mass  factor 
(apparent  mass/actual  mass)  for  the  vehicle  in  each  gear,  in 
the  vehicle  power  train  data. 

j>.  In  AMM-75  final  obstacle  and  vegetation-override  GO/NOGO 
checks  are  made  at  the  end  of  the  speed  computations  for  a 
terrain  unit  where  the  best  estimate  of  approach  speeds  is 
available.  This  permits  more  rational  assessment  of  kinetic 
energy  availability  to  overcome  any  traction  deficits.  In 
AMC-71  these  checks  are  made  with  basic  soil-  and  slope- 
limited  speeds,  which  are  often  reduced  later  in  the  computations 
by  further  speed-limiting  considerations. 
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Linear  feature  crossing  module 

In  context  of  AMC-71  and  AMM-75,  a  linear  feature  is  a  distinct 
terrain  element  such  as  a  stream,  man-made  drainge  ditch,  canal,  escarp¬ 
ment,  or  a  highway  or  railroad  embankment,  which  is  a  potential  barrier 
to  vehicle  movement  normal  to  its  characteristic  length.  By  and  large, 
most  such  features  are  represented  by  lines  on  a  good  1:50,000  topo¬ 
graphic  map  of  an  area. 

Vehicle  performance  in  crossing  linear  features  requires  somewhat 
different  modeling  from  that  used  to  deal  with  areal  terrain  because  a 
vehicle  does  not  necessarily  negotiate  a  linear  feature  in  the  same  manner 
that  it  does  areal  terrain.  While  crossing  of  smaller  features  is 
similar  to  the  crossing  of  obstacles  characterized  as  features  of  an 
areal  patch,  the  linear  feature  obstacles  themselves  will  generally  be 
more  severe.  A  model  of  the  physical  encounter  must  be  able  to  deal 
properly  with  large  changes  in  vehicle  attitude,  with  load  changes 
arising  from  this  and  from  buoyancy  effects,  with  complex  obstacle  cross 
sections,  and  complex  changes  in  soil  composition  and  strength  across 
the  section. 

All  of  the  above  considerations  apply  also  to  modeling  the  crossing 
of  larger  linear  features,  plus  the  additional  fact  that  complete  cross¬ 
ing  of  a  large  feature  need  not  be  done  on  a  single  cross  section. 
Successful  negotiation  often  requires  that  the  vehicle  enter  the  feature 
at  one  point  along  its  length,  and  remain  "in"  it  (if  it  is  a  stream)  or 
"on"  it  (if  it  is  a  road  embankment)  for  some  distance  until  a  suitable 
exit  point  is  found.  Because  linear  features  are  frequently  severe 
barriers,  realistic  predictions  of  crossing  times  must  therefore  include 
an  assessment  of  alternatives  to  headlong  crossing  at  a  given  site. 

These  alternatives  should  include  possible  search  distances  to  find 
suitable  exit  sites,  and  even  to  find  a  bridge  or  other  gap  in  the 
barrier. 

12 

The  linear  feature  crossing  module  of  AMM-75  is  structured  to 
address  all  of  these  special  problems,  albeit  some  on  as  yet  relatively 
simple  bases.  The  general  flow  of  computations  is  shown  in  Figure  5. 

The  basic  output  of  the  module  is  a  GO  or  NOGO  determination  for 
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a  given  vehicle  crossing  a  linear  feature  at  a  single,  fully  specified 
cross  section  characteristic  of  cross  sections  throughout  some  length  of 
the  feature.  Such  a  nominally  uniform  length  of  the  feature  is  called  a 
linear  feature  segment,  or  a  linear  terrain  unit.  If  the  vehicle  can 
cross,  crossing  time  from  bank  top  to  bank  top  is  computed.  If  the 
situation  is  NOGO,  reasons  are  shown  and  an  index  of  relative  crossing 
difficulty  is  computed  which  can  be  used  in  a  suitable  output  processer 
to  assess  delay  times  or  to  call  for  use  of  alternative  crossing  sites 
according  to  the  user's  full  scenario.  When  area-wide  predictions  are 
required  by  the  user  (specified  at  run  time) ,  crossing  is  checked  in 
both  directions.  For  a  traverse,  crossing  is  checked  only  in  the 
direction  required. 

Regardless  of  whether  the  cross  section  is  GO  or  NOGO,  data  to 
permit  consideration  of  alternative  crossing  sites  are  also  developed 
for  each  linear  feature  segment.  By  consulting  statistics  for  the  area 
(the  natural  river  meanders  which  depend  on  gross  topography,  and  bridge 
spacings)  and/or  speed  predictions  for  the  area  made  by  the  areal 
terrain  modules,  two  mean  distances  and  associated  travel  times  in  the 
areal  terrain  (along  the  feature,  but  not  "in"  or  "on"  it)  are  assigned. 
One  d 1st ance- time  is  given  to  the  nearest  suitable  bridge  (if  applicable), 
and  the  other  distance-time  is  to  the  nearest  crossable  section.  Where 
crossing  NOGO  is  the  result  of  exiting  traction  and/or  vehicle-bank 
interference  problems,  the  nearest  crossable  section  is  characterized  by 
an  exit  "window". 

For  a  linear  terrain  unit  wide  enough  and  otherwise  suitable  for 
vehicle  travel  along  its  length,  a  second  mean  distance  and  travel  time 
to  the  nearest  exit  window  are  also  determined,  based  upon  predicted 
vehicle  speed  "on"  or  "in"  the  linear  segment. 

The  outputs,  GO/NOGO,  reasons  for  NOGO,  index  of  crossing  difficulty 
and  times  to  cross  or  to  find  other  crossing  sites,  are  returned1  to  the 
user  with  no  further  analysis.  How  they  are  used  to  calculate  traverse 
times  or  average  speeds  depends  on  che  total  operational  scenario  of  the 
user.  The  model  does  not  postulate  a  complete  scenario. 


26 


Basic  two-way  GO/NOGO  determinations  may  be  coded  simply  and  over¬ 
laid  on  an  areal  terrain  speed  map  to  provide  a  more  complete  picture  of 
the  cross-country  movement  problem  presented  to  a  vehicle  by  a  given 
geographic  locale  under  given  weather  conditions.  The  complete  output 
data  are  suitable  for  statistical  aggregation  to  show  the  compatibility 
of  a  vehicle  with  the  terrain  and  conditions,  or  for  the  support  of 
vehicle  mobility  evaluations  based  upon  various  mission  profiles  and 
presumed  levels  of  support. 

Road  module 

The  road  module  calculates  the  maximum  speed  a  vehicle  can  be 
expected  to  attain  along  a  nominally  uniform  stretch  of  road,  termed  a 
road  unit.  Travel  on  super  highways,  primary  and  secondary  roads,  and 
trails  is  distinguished  by  specifying  a  road  type  and  a  surface  con¬ 
dition  factor.  From  these,  values  of  tractive  and  rolling  resistance 
coefficients  for  wheeled  and  tracked  vehicles  on  surfaced  roads  are 
determined  by  a  table  look-up.  For  trails,  surface  condition  is  speci¬ 
fied  in  terms  of  cone  index  (Cl)  or  rating  cone  index  (RCI) .  Traction, 
motion  resistance,  and  slip  are  computed  using  the  soil  submodel  of  the 
areal  module,  with  scenario  weather  factors  used  in  the  same  way  as  in 
making  off-road  predictions. 

Relations  for  computing  vehicle  performance  on  smooth,  hard 
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pavements  are  taken  from  the  literature.  * 

The  structure  of  the  road  module,  while  much  simpler,  parallels 
that  of  the  areal  module.  Separate  speeds  are  computed  as  limited  by 
available  traction  and  countervailing  resistances  (rolling,  aerodynamic, 
grade,  and  curvature),  by  ride  dynamics  (absorbed  power),  by  visibility 
and  braking,  by  tire  load,  inflation  and  construction,  and  by  road 
curvature  per  se  (a  feature  not  directly  considered  in  the  areal  module). 
The  least  of  these  five  speeds  is  assigned  as  the  maximum  for  the  road 
unit  (for  the  assumed  direction  relative  to  the  specified  grade). 

The  basic  curvature  speed  limits  are  derived  from  AASHO  experience 
data  for  the  four  classes  of  roads^  under  dry  conditions  and  are  not 
vehicle  dependent.  These  are  appropriately  reduced  for  reduced  traction 
conditions,  and  vehicle  dependent  checks  are  made  for  tipping  or  sliding 
while  the  vehicle  is  in  the  curve. 


At  the  end  of  a  computation,  data  required  by  the  user  are  stored. 
If  the  model  is  run  in  the  traverse  mode,  the  model  returns  to  compute 
values  for  the  next  unit;  if  in  the  areal  mode,  it  automatically  com¬ 
putes  performance  for  both  the  up-grade  and  down-grade  situations  and  at 
the  conclusion  computes  the  bidirectional  (harmonic)  average  speed. 

Scenario  options  are  similar  to  those  for  the  areal  module. 

Output  processing 

At  the  conclusion  of  each  computation  of  vehicle  speed  in  a  single 
areal  terrain  or  road  unit,  or  time  to  cross  a  linear  segment,  a  list  of 
up  to  600  computed  values  is  deliberately  kept  temporarily  available  in 
the  derived  data  base.  Included  are  all  intermediate  computed  speeds 
and  forces,  descriptors  of  the  power  train  curve  as  modified  by  soil 
strength  and  resulting  slip,  and  numerous  flags  indicating  special 
circumstances.  Those  values  (and  only  those  values)  desired  by  the  user 
for  further  processing,  specified  by  him  prior  to  a  run,  are  stored  in  a 
user-designated  file  before  a  new  terrain  unit  is  considered. 

Data  saved  for  further  output  processing  may  range  from  single, 
final  speed  predictions,  through  information  needed  to  diagnose  vehicle- 
terrain  compatibility,  to  figures  needed  for  fuel  consumption  calcu¬ 
lations  or  to  Introduce  into  traverse  speed  predictions  the  effects  of 
acceleration  and  deceleration  across  terrain  unit  boundaries. 

The  basic  in-unit  speed  predictions  for  a  vehicle  are  the  most 
fundamental  output  of  the  model.  Vhen  these  predictions  are  made  for 
all  areal  terrain  units  in  a  given  geographic  area,  they  may  be  aggre¬ 
gated  to  calculate  various  average  speeds  in  the  terrain  by  weighting 
ln-unlt  speeds  according  to  the  relative  areal  occupancy  of  associated 
terrain  units  or  to  the  relative  operational  importance  of  the  areas, 
for  example. 

The  most  straightforward  and  general  portrayal  of  the  basic  speed 
results  is  a  mobility  map  (Figure  6) ,  which  indicates  the  speeds  of 
which  the  vehicle  is  capable  (including  zero,  the  NOGO  condition) 
throughout  the  area  under  consideration.  The  sample  map  displays 


28 


speeds  in  areal  terrain  patches  only.  Linear  feature  GO/NOGO  character¬ 
istics  can  be  superimposed  to  show  where  these  constitute  barriers,  and 
a  reasonably  coded  on-road  speed  map  can  also  be  overlaid.  The  mobility 
map  is  a  suitable  format  for  presentation  of  mobility  data  for  many 
purposes — for  example,  as  input  to  war  gaming  or  other  effectiveness 
analysis,  or  for  operational  planning.  It  is  not  directly  suitable  for 
applications  of  a  parametric  nature,  such  as  assigning  quantitative 
ratings  to  vehicle  candidates  for  a  given  mission. 

The  development  of  a  definitive  parametric  description  of  a 
vehicle's  mobility  is  a  task  that  has  challenged  vehicle  researchers  for 
many  years.  To  date,  no  generally  accepted  definition  has  been  forth¬ 
coming.  However,  substantial  progess  of  a  conceptual  nature  has  been 
made  during  the  past  few  years.  The  development  of  the  AMM  mobility 
model,  which  provides  a  mechanism  to  integrate  the  effects  of  diverse 
mobility  impediments  in  accordance  with  their  occurrence  in  the  mission 
environment,  constitutes  a  substantial  contribution  to  this  progress. 

Because  of  the  absence  of  a  generally  accepted  parametric  mobility 
description  and  the  widely  varying  requirements  and  viewpoints  of 
prospective  model  users,  only  one  general-purpose  output  processer  is 
considered  to  be  a  standard  part  of  AMM-75.  This  routine  provides  a 
number  of  useful  statistical  interpretations  of  basic  model  output  data 
for  an  area.  Its  principal  product  is  a  mobility  profile  (see  Figure 
7),  which  conveys  a  complete  statistical  description  of  a  vehicle's 
mobility  performance  in  all  aspects  save  spatial  distribution.  The 
profile  indicates  the  average  speed  the  vehicle  can  sustain,  as  a 
function  of  the  percent  of  the  total  area  under  consideration  which  it 
is  able  to  avoid,  assuming  it  avoids  those  areas  posing  the  greatest 
impediment  to  its  motion.  For  example,  the  intercept  V^q  *  13.5  mph  at 
point  A  in  Figure  7  denotes  that  the  subject  vehicle  can  average  13.5  mph 
(21.8  km/hr)  in  the  area  considered  provided  it  can  avoid  the  most  difficult 
10  percent  of  the  terrain. 

In  addition  to  the  mobility  profile,  the  mobility  statistics 
analysis  also  provides  a  set  of  diagnostic  outputs  to  identify  the 
specific  mobility  impediments  limiting  vehicle  performance  in  each 
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terrain  unit.  These  diagnostic  outputs  in  their  simplest  form  can  be 


usefully  portrayed  in  histogram  form,  as  in  Figure  8,  to  provide  a  vivid 
depiction  of  the  relative  significance  of  the  various  primary  impedi¬ 
ments  for  the  particular  terrain-vehicle  combination  considered.  The 
results  presented  in  Figure  8,  for  example,  indicate  that  maneuvering 
among  obstacles  (factor  8)  and  crossing  obstacles  (factor  10)  are  the 
dominant  performance- limiting  factors  in  the  situation  illustrated. 

From  a  design  viewpoint,  this  finding  suggests  that  improving  the 
vehicle's  suspension  to  reduce  accelerations  during  obstacles  crossing 
and  increasing  its  power  and  hence  its  acceleration  capability  would 
produce  an  improvement  in  overall  performance.  On  the  other  hand,  had 
factors  6  and  9  been  the  dominant  speed  limiters,  increased  vehicle 
power  only  would  have  been  suggested. 

Although  the  interface  has  not  been  specifically  developed,  AMM-75 
will  also  readily  support  the  best-route  selection  model  that  is  a  part 
of  AMC-71,  should  this  be  required.  The  route  selection  model  deter¬ 
mines  the  route  a  vehicle  would  take  to  minimize  travel  time  across  a 
terrain  area  between  two  given  points. 

To  determine  the  route,  the  terrain  area  is  overlaid  with  a 
rectangular  grid,  and  the  vehicle  is  constrained  to  travel  only  along 
straight  lines  between  grid  coordinates.  Travel  times  along  the  allow¬ 
able  paths  are  predicted  by  AMC-71  (or  AMM-75).  The  particular  combi¬ 
nation  of  such  line  segments  over  which  the  vehicle  can  negotiate  the 

area  in  the  shortest  time  is  determined  by  dynamic  programming  tech- 
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niques.  No  claim  is  made  that  this  mathematically  defined  least¬ 

time  route  is  related  deterministically  to  the  route  that  a  particular 
driver  would  select  under  operational  conditions.  It  is  hypothesized, 
however,  that  speed  values  thus  computed  for  a  specific  vehicle  between 
a  number  of  random  point  pairs  within  an  area  represent  a  meaningful 
quantitative  measure  of  the  vehicle's  mobility  in  the  terrain  under 
consideration. 

Other  special-purpose  output  proccssers  are  already  operational: 
to  compute  traverse  speed  (including  acceleration  and  deceleration 
across  terrain  unit  boundries),  to  compute  fuel  consumption,  and  to 


produce  speed  maps  on  a  high-speed  computer  printer,  for  example.  In 
each  case,  the  basic  data  developed  in  AMM-75  are  essential,  and  the 
implementation  relatively  straightforward  as  computer  programs  go. 

AMM-75,  per  se,  is  considered  actually  to  end  with  basic  performance 
predictions.  These  have  been  the  crucial  problem.  Application  routines, 
while  interesting  and  often  challenging,  are  best  left  to  the  user  to 
tailor  to  his  exact  requirements  of  the  moment. 

Applications  of  Mobility  Model 

Intelligent  application  of  the  AMM-75  mobility  model  can  contribute 
to  every  phase  of  the  vehicle  development  process.  The  model  can  be 
particularly  useful  for: 

a.  Establishing  mobility  criteria  to  ensure  a  desired  level  of 
performance  in  a  specified  geographic  area. 

b.  Determining  and  comparing  the  expected  performance  of  various 
vehicle  concepts  in  specified  terrains. 

c.  Studying  the  effect  of  specific  design  changes  on  cross¬ 
country  performance. 

During  the  past  two  years  to  date,  AMC-71  has  been  used  with 
appropriate  output  analyses  to  develop  terrain-specific  mobility  eval¬ 
uations  of  a  broad  range  of  military  vehicles  in  five  principal  geo¬ 
graphic  locales:  two  in  temperate  climates,  two  in  dry  desert  areas, 
and  one  in  a  subtropical  area  largely  in  rice  agriculture.  These 
evaluations  have  affected  decisions  concerning  the  entire  Army  wheeled 
vehicle  fleet  and  its  high-mobility  tactical  truck  components,  the 
design  of  new  main  battle  tanks,  and  the  direction  of  self-propelled 
artillery  and  future  Army  scout  vehicle  developments. 

These  practical  applications  and  the  attendant  opportunities  to 
meet  the  vehicle  user  and  his  problems  in  real  life  and  in  real  time, 
have  been  found  useful  In  accelerating  model  development  and  validation. 
The  most  recently  completed  application,  to  the  examination  of  high- 
mobility  vehicles  within  actual  full  operational  scenarios,  for  ex¬ 
ample,  involved  appropriately  characterizing  terrain  in  large  new  areas 
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and  major  extensions  in  model  ouput  processing.  Under  these  pressures, 
rapid,  new  computerized  digital  terrain  mapping  methods  were  imple¬ 
mented,*’  along  with  compatible  output  routines  that  make  combined  on- 
and  off-road  traverse  performance  predictions  directly  from  relatively 
simple  map  inputs. 


Model  jtimn i ng  Time 

The  AMC-71  mobility  model  is  currently  operational  at  WES,  TACOM, 
and  Stevens  Institute  of  Technology.  AMM-75  is  being  implemented  now. 

AMC-71  has  also  been  made  available  to  a  number  of  other  users.  AMC-71 
can  be  run  on  both  time-sharing  and  batch-processing  computer  systems. 
Representative  current  computer  running  times  to  make  predictions  for  a 
single  vehicle  in  1000  areal  patches,  once  terrain  and  vehicle  data  are 
made  available,  are: 

Areal  predictions  2  min 

Statistical  consolidation  3  min 

Figures  for  AMM-75  are  expected  to  be  of  the  same  order. 

The  present  supporting  two-dimensional  ride  dynamics  simulation, 
used  in  batch  mode  to  simulate  a  normal  military  vehicle,  runs  at  10-20 
times  real  time  on  a  large  third-generation  digital  computer.  For  a 
single  vehicle,  approximately  four  runs  (at  different  speeds)  over  each 
of  four  300-ft  stretches  of  randomly  rough  terrain  having  rms  elevation 
values  from  0.5  to  3-in.  are  required  to  define  the  ride-speed  curves 
used  in  AMC-71  and  AMC-75.  A  like  amount  of  computation  is  required  to 
develop  the  obstacle  crossing  speed-limit  relations  as  functions  of 
obstacle  height  and  spacing  used  in  AMC-75. 

The  new  AMM-75  obstacle  negotiation  model,  as  presently  implemented 
(without  refinements  to  minimize  running  time),  requires  3  min  to  cross 
a  single  obstacle.  Full  exercise  of  the  computer  programmer’s  art  will 
cut  this  in  half,  but  oven  then  the  computer  time  to  develop  a  4  height  x 
4  width  x  4  angle  matirx  will  be  of  the  order  of  100  min.  AMM-75  is 
deliberately  structured  so  that  this  model  need  be  run  only  once  for  a 
given  vehicle,  regardless  of  the  number  of  areas  the  vehicle  is  subsequently 
checked  against. 
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Further  Developments 


With  the  implementation  and  release  of  AMM-75,  one  major  objective 
of  the  mobility  elevation  methodology  development  program  will  be  sub¬ 
stantially  completed.  Nonetheless,  considerable  directly  related  work 
will  remain: 

a.  To  validate  the  final  AMM-75  algorithms  and  logic  (the  field 

19 

validation  program  to  date  has  dealt  with  AMC-71  )  and  make 
any  necessary  final  adjustments. 

b.  To  further  upgrade  the  vehicle  ride  dynamics,  obstacle 
negotiation,  and  linear  feature  crossing  simulations. 

£.  To  develop  means  to  assess  operationally  reasonable  time 
delays  for  NOGO  situations. 

d.  To  introduce  variability  of  driver  skill  as  a  function  of 
training. 

e.  To  incorporate  the  model  into  the  detailed  vehicle  design 
cycle  through  adapting  it  for  use  as  an  interactive  computer- 
aided  design  and  engineering  tool. 

_f.  To  assist  model  users  in  their  applications  of  AMM-75. 

To  manage  the  model  once  it  is  released;  i.e.  keep  the  full 
AMM-75  user  community  informed  of  all  changes,  from  whatever 
quarter  and  of  whatever  magnitude,  so  that  one,  or  two,  or 
five  years  from  now,  all  users  will  all  have  the  same  version 
at  any  given  time. 

With  the  successful  demonstration  by  AMC-71  and  AMM-75  of  the 
potential  benefits  of  deterministic  engineering  modeling  of  complex, 
terrain-dependent  systems,  emphasis  is  already  rapidly  shifting  to  new 
areas.  Paramount  among  these  are: 

a.  The  development  of  vehic le- terrain-driver  specific  engineering 
modeling  of  combat  vehicle  agility  performance. 

b.  The  establishment  of  firm,  supportive  data  interfaces  between 
AMM-75  and  higher  order  combat  and  logistics  simulations. 

c.  The  development  of  terrain  and  mission  specific  reliability 
modeling  and  its  integration  into  the  overall  mobility 
evaluation  methodology. 
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d.  The  application  of  the  modeling  approach  and  philosophy 

demonstrated  in  AMM-75  to  other  important  military  and  com¬ 
mercial  activities  whose  effectiveness  is  highly  terrain 
dependent,  such  as  combat  engineering  operations  in  support  of 
mobility,  pipeline  construction  and  surface  mining. 

Concluding  Remarks 

AMM-75  is  considered  to  be  the  cornerstone  of  a  new  unified 
engineering  methodology  for  answering  a  broad  range  of  mobility-related 
questions.  AMM-75  is  incomplete  in  some  respects,  imperfect  in  most. 
That  is  the  nature  of  any  simulation,  a  fact  of  which  modern  decision 
makers  are  aware.  Nonetheless,  used  and  interpreted  with  an  apprecia¬ 
tion  of  its  inherent  limitations,  AMM-75  provides  the  vehicle  develop¬ 
ment,  procurement,  and  user  communities  with  a  set  of  analytical  tools 
for  obtaining  quantitative  engineering  information  to  satisfy  their 
needs  in  a  systematic  manner. 

AMC-71  and  AMM-75  have  also  proven  to  be  the  communication  link 
long  needed  between  users  and  researchers  to  guide  further  research  and 
to  establish  common  ground  for  the  solution  of  vehicle  designer  and  user 
problems.  They  are  providing,  across  time  and  across  organizations, 
objective,  consistent  communication  among  all  elements  responsible  for 
improved  Army  mobility.  Decisions  growing  in  large  part  from  the 
resulting  new  levels  of  technical  understanding  and  communication  will 
determine  the  major  characteristics  of  the  Army's  vehicle  fleet  into  the 
1980's  and  beyond. 


Acknowledgment 

The  AMM-75  mobility  model  is  the  result  of  inspiration  and 
perspiration  on  the  part  of  many  colleagues  at  WES  and  TACOM.  The 
authors  offer  this  brief  review  with  full  acknowledgment  of  their 
important  individual  and  cooperative  contributions. 


34 


V 


References 


1.  Rula,  A.  A.  and  Nuttall,  C.  J.,  Jr.,  "An  Analysis  of  Ground  Mobility 
Models  (ANAMOB),"  Technical  Report  M-71-4,  Jul  1971,  U.  S.  Army 
Engineer  Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 

2.  "The  AMC-71  Mobility  Model,"  Technical  Report  No.  11789  (LL  143), 

Vols  1  and  II,  Jul  1973,  U.  S.  Army  Tank-Automotive  Command, 

Warren,  Mich. 

3.  Nuttall,  C.  J.,  Jr.,  Rula,  A.  A.,  and  Dugoff,  H.  J. ,  "Computer 

Model  for  Comprehensive  Evaluation  of  Cross-Country  Vehicle  Mobility," 
Earthmoving  Industry  Conference,  Paper  No.  740426,  presented  at 
Society  of  Automotive  Engineers,  Apr  1974. 

4.  Nuttall,  C.  J. ,  Jr.,  and  Dugoff,  H.  J. ,  "A  Hierarchial  Structure  of 
Models  for  the  Analysis  of  Land  Mobility  Systems,"  presented  at 
Twelfth  Annual  U.  S.  Army  Operations  Research  Symposium, 

Durham,  N.  C. ,  Oct  1973. 

5.  Rula,  A.  A.  and  Nuttall,  C.  J.,  Jr.,  "Terrain  Modeling  to  Support 
Mobility  Evaluation,"  Proceedings  of  Fifth  International  Conference, 
The  International  Society  for  Terrain-Vehicle  Systems,  Inc. , 

Detroit,  Mich.,  Vol  4,  Jun  1975. 

6.  Murphy,  N.  R.  and  Ahlvin,  R.  B.,  "Ride  Dynamic  Module  for  AMM-75 
Ground  Mobility  Model,"  Proceeding  of  Fifth  International  Conference, 
The  International  Society  for  Terrain-Vehicle  Systems,  Inc. , 

Detroit,  Mich.,  Vol  4,  Jun  1975. 

7.  Lessem,  A.  S.,  Jurkat,  M.  P.  ,  and  Jacobson,  R.  W. ,  "A  Linear  Model 
for  Predicting  the  Obstacle  Negotiation  Characteristics  for  Suspended 
and/or  Pitch  Articulated  Vehicles,"  (In  preparation),  Stevens 
Institute  of  Technology. 

8.  Lessem,  A.  S.  ,  "Dynamics  of  Wheeled  Vehicles:  A  Mathematical  Model 
for  the  Traversal  of  Rigid  Obstacles  by  a  Pneumatic  Tire,"  Techni¬ 
cal  Report  M-68-1,  U.  S.  Army  Waterways  Experiment  Station,  CE,  Vicks¬ 
burg,  Miss.  ,  May  1968. 

9.  Pradko,  F. ,  Lee,  R.  A.,  and  Kaluza,  V.,  "Theory  of  Human  Vibration 
Response,"  Paper  66-WA-BHF-15,  presented  at  ASME  Meeting,  Nov  1966. 

10.  Turnage,  G.  W. ,  "Performance  of  Soils  Under  Tire  Loads,  Application 
of  Test  Results  to  Tire  Selection  for  Off-Road  Vehicles,"  Technical 
Report  3-666,  Report  8,  Sep  1972,  U.  S.  Army  Waterways  Experiment 
Station,  CE,  Vicksburg,  Miss. 


35 


11.  Schreiner,  B.  G. ,  "A  Technique  for  Estimating  the  Performance  of 
Tracked  Vehicles  in  Muskeg,"  Journal  of  Terramechanlcs,  Vol  4, 

No.  3,  pp  23  to  29. 

12.  Sloss,  D.  A.,  Jr.,  "Hasty  River  and  Dry  Linear  Feature  Crossing 
Module  of  the  U.  S.  Army  Mobility  Model  (AMM-75),"  Proceedings 
of  Fifth  International  Conference,  The  International  Society 

for  Terrain-Vehicle  Systems,  Inc.,  Detroit,  Mich.,  Vol  4,  Jun  1975. 

13.  Smith,  G. ,  "Commercial  Vehicles  Performance  and  Fuel  Economy," 

Society  of  Automotive  Engineers,  Special  Publication  355,  1970. 

14.  Taborek,  J.  J. ,  Mechanics  of  Vehicles,  Penton  Publication,  1957. 

15.  American  Association  of  State  Highway  Officials  (AASHO) ,  "A  Policy 
on  Geometric  Design  of  Rural  Highways,"  1965,  The  American  General 
Offices,  Washington,  D.  C. ,  pp  152  to  159. 

16.  Janosi,  Z.  J.  and  Ellers,  J.  A.,  "Application  of  Dynamic  Program¬ 
ming  to  Off-Road  Mobility  Problems,"  presented  at  Fourth  International 
Conference  of  International  Society  of  Terrain-Vehicle  Systems, 
Stockholm,  24-28  April  1972. 

17.  Jurkat,  M.  P. ,  "Data  and  Program  Considerations  for  Path  Selection  in 
the  AMC  Mobility  Model,"  Report  SIT-DL-71-1564,  Oct  1971,  Stevens 
Institute  of  Technology,  Hoboken,  N.  J. 

18.  Jurkat,  M.  P.  ,  "Automatic  Path  Selection  for  the  AMC-71  Mobility 
Model,"  Report  SIT-DL-73-1658,  Sep  1973,  Davidson  Laboratory 
Stevens  Institute  of  Technology,  Hoboken,  N.  J. 

19.  Schreiner,  B.  G.  and  Willoughby,  W.  E.  ,  "Validation  of  the  AMC-71 
Mobility  Model,"  Proceedings  of  Fifth  International  Conference, 

The  International  Society  for  Terrain-Vehicle  Systems,  Detroit, 

Mich.,  Vol  4,  Jun  1975. 


36 


Table  1 


Terrain,  Vehicle,  Driver  Attributes  Characterised  in 
AMM-75  Mobility  Model  Data  Base 


Terrain 


Vehicle 


Driver 


Surface  composition 
Type 

Strength 
Surface  Geometry 
Slope/Altitude 
Discrete  Obstacles 
Roughness 

Road  Curvature/width/ 
Superelevation 
Vegetation 

Stem  size  &  spacing 
Visibility 
Linear  geometry 

Stream  cross  section 
Water  velocity  &  depth 


Geometric  Characteristics 
Inertial  Characteristics 
Mechanical  Characteristics 


Reaction  times 
Recognition  distance 
Acceleration  and  impact 
tolerancea 

Minimum  acceptable  speeds 


Tabu  2 


Table  3 


_ Terrain  or  Road  Factor _ 

Off  Road 

Surface  material 
Type,  USCS/other 
Mass  strength,  Cl  or  RCI 


NA 

0->280 


\ 


Slope,  % 

Obstacle 

Approach  angle,  deg 
Vertical  magnitude,  cm 
Length,  m 
Width,  cm 
Spacing,  m 
Spacing,  type 

Surface  roughness,  rms,  cm 


Stem  diameter,  cm 
Stem  spacing,  m 


(8  pairs) 


Visibility,  m 


0->70 

90-270 

0->85 

0->150 

0->1200 

0->60 

NA 

0-20 

0->25 

0->100 

0->50 


Water  depth,  m 
Water  velocity,  mps 
Water  width,  m 


0->5 

0->3.5 

0->70 


Top  width,  m  0->70 

Left  approach  angle,  deg  90-270 

Right  approach  angle,  deg  90-270 

Differential  bank  height  or  differential 

vertical  magnitude,  m  0->4 

Low  bank  height  or  least  vertical 

magnitude,  m  0->6 


On  Road 


Surface  material 

Type,  USCS/other  NA 

Surface  strength 

Trails,  Cl  or  RCI  0->280 

Other,  traction  coefficients  0.01->0.80 

Slope,  7.  0->70 

Elevation,  m  0->3000 

Surface  roughness,  rms,  in.  0->7.6 

Curvature,  deg  0-90 

Width,  m  l->60 

Superelevation,  %  0->10 


Table  4 

VEHICLE  DATA  FOR  AMM-75  MOBILITY  MODEL 


1,  Vehicle  Identification 

Payload,  Cross  Combination  weight  (as  characterized  in  data  following) 

2.  Running  Cear 

2.1  Wheeled 

Number  of  Axle  Assemblies: 

For  each  axle 

Position  (may  be  mixed  with  tracks) 

Operating  Load 
Powered/l'npowered 
Braked /Unbraked 
Rim  Type,  Size 
Tire  Size 
Tread 

Construct  ion 
Rating 
Rev. /Mile 

Nominal  Diameter,  OA 
Width,  OA 
Section  Height 
Width 

Inflation,  Deflection:  Sand 

Cross  Country 
Highway 

Number  of  Tires  on  Axle 
Duals  (Yes/No) 

Tire  Chains  Fitted  (Yes/No) 

Central  Tire  Inflation  (Yes/No) 

Axle  Cround  Clearance 
Axle  Tread 

Clearance  Between  Right-Left  Tires 

2.2  Tracked 

Number  of  Track  Pair  Assemblies 


(continued) 
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Table  4  (continued 


For  each  pair 

Position  (may  be  mixed  with  wheels) 

Operating  Load 

Powe  r ed / Unpowe  red 

Braked/Unbraked 

Suspension  Type 

Track  Type  (Flexlble/Girderized) 
Width 
Pitch 

Grouser  Height 
Thickness 

Single  Shoe  Road  Pad  Area 
Length  on  Ground 
Number  of  Road  Wheels 
Road  Wheel  Diameter 
Hull  Ground  Clearance 
Track  Tread 

Clearance  Between  Right-Left  Tracks 
3.  Power  Train 

Tractive  Force-Speed  Curve  (Optional) 
Engine  Identification 
Maximum  Gross  HP,  RPM 
Maximum  Gross  Torque,  RPM 
Maximum  Net  HP,  RPM 
Maximum  Net  Torque,  RPM 
Torque-RPM  Curve 

Englne-to-Transmission  Transfer  Gears 
Ratios,  Efficiencies 
Torque  Converter  (Yes/No) 

Ident 1 f lcation 

Torque  Ratio-Speed  Ratio  Curve 


(continued) 
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_ _ Table  4  (con t in u ed)_ 

Input  KPM-Speei!  Ratio  Curve 
Input  Torque  for  Above 
Converter  Accessory  Loss  Curve 
Lockup  (Yes/ No) 

Transmission  I d.nt  i  f  lcat  ion 
Gear  Katies,  '  f iciencies 
Shift  'limes 

Tr.msmiss ion-to-l  inal  Drive  Transfer  Gears 
I  dent  it  i cat  i on 
(■ear  Ratios,  Kff iciencies 
Final  Drive  Identification 
Gear  Ratio,  Ktticiency 
Acceleration  Mass  Factors 
Overall  Gear  Ratios,  Factors 
Vehicle  Geometry 
Overall  Dimensions 
Length  (Combination) 

Wheel  Rase  (Prime  Mover) 

Width 

Minimum  Ground  Clearance  (except  axles) 
Annie  of  Approach 
Departure 

Pitch  Joint/Filth  Wheel /Pintle  (ves/no) 
Distance  from  Front  Axle/Road  Wheel 
Height  Above  Ground 
Center  of  gravity 

For  Lach  Un i t  and  Combinat  ion 
Height  Above  Ground 

Longitudinal,  from  Front  Axle/Road  Wheel 
Lateral,  from  Vehicle  CL 


(cont inued) 
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p 


Axle/Road  Wheel  Arrangement* 

For  each  position 

Axle  Distance  fron  Front  Axle /Road  Wheel 

Full  Bump  to  Rebound  Axle/Road  Wheel  Travel 

Tandem  Assembly  (No,  Dual,  Triple) 

Other  Wheel  Positions  In  Same  Assembly 

Bogle  Axle  Distance  fron  Front  Axle/Road  Wheel 

Mean  Spring  Rate  Between  Stops  (Two  Sides) 

Vehicle  Bottom  Cleamce  Profile* 

(Approximated  by  straight  lines,  specified  by 
x-y  coordinates  of  breakpoints,  referenced  to 
axes  through  Front  Axle/Road  Wheel  Center, 
positive  up  and  to  the  rear) 

Number  of  x-y  coordinate  pairs 

x-y  coordinate  pairs 

Other 

Height  of  Bumper/Push  Point  Above  Ground 
Height  of  Driver's  Forward  Line-of-Siglit  Above  Ground 
Maximum  Depression  of  Driver's  Forward  Line-of-Sight 
5.  Water  Characteristics 
Fording  Depth,  Speed 
Swamping  Angle,  Ingress,  Egress 
Floater  (Yes/No) 

Hull  Type 
Waterline  Length 
Beam 

Draft  to  Hull  Bottom 
Minimum  Freeboard 
Propulsion  System  Type 

Still  Water  Speed  w/o  Auxilary  Propulsion 
Still  Water  Speed  with  Auxiliary  Propulsion 
Width  Required  to  Use  Auxiliary  Propulsion 
Depth  Required  to  Use  Auxiliary  Propulsion 
Bouyancy  versus  Draft  Curve 

*  Used  in  obstacle  interference  and  traction  module. 


(continued) 
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Table  4  (concluded 


6.  Highway  Characteristics  (Wheeled  Vehicles  Only) 

Aerodynamic  Drag  Coefficient 
Frontal  Area 

Cornering  Stiffness  of  Tires  (at  Highway  Inflation  and  Load) 

7.  Mobility  Assist  Systems 

Winch  Capacity;  Speed 
Pushbar/Bumper  Capacity 

8.  Hide  and  Obstacle  Speed  Limits  (to  one  Ride  Dynamics  Module  or 
Controlled  Experiments) 

Number  of  Absorbed  Power  Levels 

Ride  Speed  Litnit-RMS  Curve  for  Each  Absorbed  Power  Level 

Impact  Speed  Limit  versus  Obstacle  Height  Curve  (Single  Obstacles) 

Single  Obstacle  Height  at  15  mph  Limit  (-HS) 

Impact  Speed  Limit  versus  Obstacle  Spacing  Curve  (For  Obstacle 
Height  HS) 

NOTE:  Requirements  for  additional  data  to  use  AMM-75  2-dimensional 
ride  and  obstacle  impact  simulation  to  develop  above  data 
are  given  in  Reference  6. 

9.  Obstacle  Interferenct/Clearance  and  Traction  (from  Obstacle  Inter¬ 
ference  amd  Traction  Module) 

For  Each  of  3  or  More  Obstacle  Heights  with  3  or  More  Obstacle 
Widths  with  3  or  More  Obstacle  Approach  Angles  (27  or  more): 

Minimum  Clearance  During  Crossing  (Negative  ■  Interference) 

Distance  of  Critical  Clearance  Point  Behind  Front  Axle/Roadwheel 

Maximum  Traction  Required  During  Crossing 

Mean  Traction  Required  During  Crossing 
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PROSPECTIVE  USERS  OF  VEHICLE  PERFORMANCE  PREDICTION  METHODOLOGY 


Figure  1 


Figure  2.  Gru.-.r  -truelure  of  Army  Mobility  Model 
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Figure  3.  Sample  terrain  factor  complex 
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Figure  8.  Diagnostic  output  of  AMM-75.  Distribution  of 
performance-limiting  mobility  impediments  to 
5-ton  truck  in  arid  terrain 
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TERRAIN  MODELING  TO  SUPPORT  MOBILITY  EVALUATION 

by 

A.  A.  Rula  and  C.  I  Nuttall,  Jr. 


Abstract 


The  Army  has  been  working  on  terrain  modeling  to  evaluate  military 
mobility  since  1971.  A  major  problem  in  such  work  is  the  relationship 
of  the  amount  of  detail  incorporated  in  the  modeling  process  to  the 
credibility  of  the  resulting  model  for  the  purposes  for  which  it  will  be 
used,  as  these  vary  with  the  nature  of  the  use  and  the  dimensions  of  the 
area  being  modeled.  Recent  developments  have  greatly  assisted  in  resolving 
this  problem  but  much  remains  to  be  done.  Better  methods  and  techniques 
are  needed  to  translate  available  data  into  factors  related  to  mobility 
that  can  be  modeled. 


Introduction 


In  1971  the  common  needs  of  the  military  vehicle  design  and  develop¬ 
ment,  procurement,  and  user  communities  for  objective  analytical  means 
to  assess  vehicle  off-road  mobility  were  recognized  and  formulated.^"  In 
the  ensuing  months  the  U.  S.  Army  Materiel  Command  (AMC)  mobility 
research  team  at  the  U.  S.  Army  Tank-Automotive  Command  (TACOM)  and  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  formulated  and 
implemented  a  first-generation  comprehensive  ground  mobility  model,  AMC- 


Successful  early  applications  of  AMC-71  and  technical  developments 
leading  to  the  release  in  the  near  future  of  the  second-generation  ver¬ 
sion  of  the  Army  Mobility  Model,  AMM-75,  are  discussed  in  the  companion 

3 

paper  before  this  conference  by  Jurkat  et  al. 

The  ultimate  usefulness  of  any  comprehensive  computer  simulation 
depends  not  only  upon  its  flexibility,  realism,  and  credibility,  but 
also  on  the  data  base  available  to  support  its  use  in  practical  studies. 
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Thus,  while  there  were  many  problems  in  formulating  the  first-generation 
model,  it  was  immediately  recognized  that  the  key  to  practical  success 
lay  in  the  manner  in  which  terrain  is  described  to  the  model  and  repre¬ 
sented  over  specific  areas.  Two  basic  considerations  were  involved  in 
determining  appropriate  means  to  provide  the  terrain  required,  each 
imposing  seemingly  conflicting  results. 

To  treat  quantitatively  and  credibly  the  many  complex  vehicle- 
terrain  confrontations  possible  in  the  real  world,  the  general  terrain 
description  for  any  point  (or  small  area)  has  to  include  deterministic 
measures  of  a  large  number  of  terrain  factors.  On  the  other  hand,  to 
make  the  model  practical  for  application  to  the  study  of  mobility  over 
geographic  areas  of  sufficient  size  to  be  meaningful,  the  terrain  repre¬ 
sentation  has  to  be  consistent  with  practical  considerations  for  realistic 
mapping  of  those  factors.  Without  credible  supporting  terrain  data  for 
areas  of  practical  interest,  against  which  to  test  vehicles,  the  model 
per  se  would  be  a  mere  novelty. 

4  5 

Adoption  of  the  factor  complex-mosaic  representation  of  terrain,  * 
briefly  described  later,  provided  the  basic  answer  to  the  conflicting 
requirements  for  terrain  representation.  Am  initially  implemented  to 
produce  terrain  data  for  mobility  studies,  however,  this  representation 
still  proved  unacceptably  costly  and  time-consuming.  As  a  result,  only 
a  few  small  geographic  areas  were  characterized  in  time  for  early  appli¬ 
cations  of  AMC-71. 

During  the  past  year,  work  has  begun  to  mechanize,  through  the  use 
of  the  computer,  the  basic  processes  involved  in  preparing  terrain 
factor  data.  Preliminary  results  have  increased  the  amount  of  terrain 
available  for  study  use  eightfold  and  reduced  the  direct  cost  of  preparing 
study  data  for  a  new  area  by  a  factor  of  ten  or  more.  Moreover,  the  new 
data,  produced  automatically  in  computer-compatible  form,  facilitate 
mobility  model  predictions  and  make  possible  a  variety  of  new  output 
analyses  and  presentations  rapidly  and  economically. 
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Terrain  Modeling 


In  determining  the  effects  of  terrain  conditions  on  a  particular 
activity,  the  activity  for  which  performance  predictions  are  desired 
must  be  clearly  defined,  the  analytical  or  mathematical  performance 
prediction  model  to  be  used  must  be  identified,  and  the  performance 
predictions  desired  must  be  specified.  These  considerations  dictate  the 
terrain  data  that  must  he  available  for  practical  problem  solution. 

AMM-75  predicts  vehicle  speed  and  other  performance  measures 
within,  across,  or  on  a  single  terrain  unit  (areal  patch,  linear  feature, 
or  road  segment).  By  making  predictions  for  all  terrain  units  within  a 
geographic  area,  it,  in  effect,  checks  vehicle  performance  throughout 
the  area. 

To  make  the  basic  performance  predictions,  the  submodels  and 
algorithms  used  in  AMM-75  require  specification  of  22  terrain  values  for 
each  single  patch,  10  for  each  linear  feature  segment,  and  9  for  each 
road  segment.* 

The  kinds  and  degree  of  resolution  of  data  required  for  terrain 
modeling  are  not  found  in  any  conventional  source,  especially  for  areas 
large  enough  for  the  conduct  of  meaningful  mobility  exercises.  It  is 
necessary  to  develop  the  required  terrain  data  from  a  variety  of  source 
materials.  The  end  product  is  in  the  form  of  appropriately  coded  maps 
of  terrain  factors.  The  terrain  factor  maps  developed  are  considered  to 
be  "study  maps,"  because  supporting  ground  truth  data  are  not  such  that 
it  can  be  guaranteed  that  the  specific  set  of  factor  values  assigned  to 
a  given  point  on  the  map  will  in  fact  be  found  at  that  point  on  the 
ground.  It  can  be  claimed,  however,  that  the  maps  are  consistent  with 
the  available  information.  For  example,  if  source  data  indicate  a 
forest  over  some  area,  appropriate  vegetation  attributes  will  be  included 
in  the  terrain  unit  descriptions  which  cover  that  area. 


*  If,  as  is  normally  the  case,  the  predictions  are  to  be  aggregated  in 
statistical  form,  or  output  in  map  form,  additional  data  on  percent  of 
area  occupied  or  geographic  location  of  each  terrain  unit  will  be 
required  at  the  conclusion  of  all  single-terrain-unit  prediction  runs. 
These  additional  data,  however,  are  not  a  part  of  the  basic  terrain 
data  base  used  by  AMM-75  per  se. 


-« 
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The  Factor-Complex  Mosaic  Mapping  Concept 

As  noted  earlier,  the  dilemma  of  deterministic  detail  versus 
practical  terrain  mapping  for  mobility  purposes  was  resolved  by  adoption 
of  the  factor-complex  mosaic  mapping  concept.  In  this  concept  the 
expanse  of  any  real  terrain  is  represented  by  a  mosaic  of  areal,  linear, 
or  road  terrain  units,  within  each  of  which  values  of  each  of  the  many 
factors  required  by  AMM-75  are  constant  within  stated  tolerances. 

Terrain  factors 

The  terrain  description  system  is  based  on  the  premise  that  all 

attributes  of  the  terrain  that  are  significant  to  a  specific  activity 

can  be  isolated  and  measured,  and  that  every  location  can  be  described 

A  5 

by  an  array  of  values  that  quantify  each  of  the  pertinent  attributes.  * 
These  attributes  (e.g.  slope,  plant  stem  diameter,  etc.),  called  terrain 
factors,  are  the  basic  building  blocks  of  the  system.  Conceptually,  a 
value  (e.g.  5  percent  slope)  is  assigned  to  each  terrain  factor  for  all 
points  within  a  mapped  area.  Terrain  factor  values  are  grouped  in 
classes  (e.g.  5-10  percent  slope)  that  represent  a  compromise  between 
resolution  and  the  practicalities  of  measurement  and  mapping  in  the  real 
world.  For  convenience,  the  numbers  for  each  factor  are  arranged  so 
that  the  lowest  numbers  have  the  least  effect  on  mobility  and  the  high 
numbers  have  the  greatest  effect. 

Terrain  factor  families 

For  convenient  handling  of  mapped  information,  two  or  more  terrain 
factors  that  are  related  in  their  characteristic  effect  on  a  given 
activity  may  be  grouped  together  as  a  terrain  factor  family.  Four 
factor  families  describe  terrain  for  mobility  purposes — surface  composi¬ 
tion,  surface  areal  geometry,  vegetation,  and  surface  linear  geometry. 
These  terrain  factor  families  and  related  terrain  factors  are  discussed 
in  the  following  paragraphs. 

Surface  composition.  The  surface  composition  terrain  factors  that 
have  the  most  significant  effect  on  ground  mobility  are  the  type  of 
surface  material  and  strength  of  the  surface  layer  to  a  depth  that 


depends  upon  type  of  material,  vehicle  characteristics,  and  volume  of 
traffic  to  be  imposed.  The  type  of  surface  material  is  established  by 
using  the  Unified  Soil  Classification  System  (USCS)^,  which,  in  turn, 
establishes  the  soil  strength  descriptor  and  soil  depth  to  be  used  to 
relate  soil  strength  to  pertinent  vehicle  performance  parameters.  Soil 
strength  measurements  are  given  in  terms  of  cone  index  or  rating  cone 
index; ^  the  former  is  used  in  clean  sands  and  the  latter  in  clayey, 
silty,  and  organic  soils.  In  AMM-75,  fat  clays  are  distinguished  from 

3 

other  fine-grained  soils  for  purposes  of  soil  slipperiness  calculations. 

Strength  of  a  soil  depends  on  its  moisture  content.  Accordingly, 
mobility  performance  predictions  depend  on  seasonal  soil  wetness.  The 
terrain  data  usually  include  soil  strengths  appropriate  to  several 
seasonal  wetness  conditions  (selection  of  the  appropriate  value  is  made 
by  the  model  based  on  input  specifications).  To  establish  these  for  a 
given  area,  a  typical  day-by-day  rainfall  record  which  duplicates  long¬ 
term  rainfall  statistics  for  the  area  is  used  in  a  soil  moisture-strength 
prediction  model. ^  This  model  relates  gains  or  losses  of  soil  moisture 
to  soil  type,  season,  rainfall,  and  drainage  factors.  These,  in  turn, 
are  related  to  soil  strength  for  those  layers  significant  to  mobility. 

Surface  areal  geometry.  A  uniform  area  from  the  viewpoint  of 
surface  areal  geometry  is  one  in  which  the  characteristic  slope,  in 
percent,  surface  roughness,  and  the  size,  spacing,  and  continuity  of  a 
recurring  characteristic  mobility  obstacle  are  constant.  The  charac¬ 
teristic  obstacle,  which  might  represent  such  features  as  logs,  boulders, 
small  ditches,  or  stumps,  is  described  by  its  approach  angle,  vertical 
magnitude,  length  and  width,  representative  spacing,  and  a  statement 
concerning  its  continuity  (linear  or  random).  Surface  roughness  is 
described  in  terms  of  statistical  parameters  of  the  surface  microprofile. 

Vegetation.  Vegetation  factors  that  have  a  significant  effect  on 
ground  mobility  are  those  that  describe  the  vegetation  structure  and  the 
screening  characteristics  of  plants  or  plant  assemblages.  The  physical 
attributes  used  to  describe  structure  are  stem  size  and  stem  spacing. 
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Screening,  or  visibility,  is  the  distance  at  which  a  vehicle  operator 
can  recognize  an  obstacle  of  potential  mobility  significance,  measured 
along  a  selected  line  of  sight.  Seasonal  variations  in  visibility  may 
be  included. 

Surface  linear  geometry.  This  factor  family  is  designed  to  describe 
discrete* linear,  convex  features  of  the  earth's  surface,  such  as  embankments, 
dikes,  etc.,  and  discrete  concave  features,  such  as  streams ,  large 
ditches,  road  cuts,  etc.  Size  and  shape  of  linear  features  are  characterized 
by  a  profile  constructed  at  right  angles  to  the  terrain  feature. 

Water  depth  and  water  velocity  are  time  dependent  factors  that  are 
generally  defined  in  terms  of  maximum,  minimum,  and  mean  values. 

Grouping  of  terrain  or  road  factors 

The  grouping  of  terrain  factors  and  factor  families  to  construct 
terrain  (areal  and  linear)  and  road  units  for  mobility  purposes  is 
outlined  in  Figure  1.  The  end  products  of  this  process  are  maps. 

Appropriate  groups  of  factor  families  are  combined  to  construct  three 
types  of  terrain  units,  areal,  linear,  and  road.  Surface  composition, 
surface  areal  geometry,  and  vegetation  factor  families  describe  areal 
terrain  units.  They  appear  as  discrete  areas  or  "patches"  on  an  areal 
terrain  unit  map.  Surface  composition  and  surface  linear  geometry  are 
combined  to  describe  linear  terrain  units,  which  appear  as  lines  on  a 
terrain  unit  map  because  of  their  characteristic  length  and  relatively 
narrow  width  (i.e.  streams,  road  embankments,  etc.).  Surface  composition 
and  a  special  surface  geometry  factor  family  are  used  to  describe  road 
units,  which  also  appear  as  lines  on  a  terrain  map. 

Preparation  of  Terrain  Maps 

The  submodels  of  AMM-75  that  predict  vehicle  performance  not  only 
dictate  the  terrain  factors  required,  but  also  establish  the  range  over 
which  each  factor  has  a  significant  effect.  The  significant  range  of 
each  factor  is  subdivided  into  factor  value  classes. 
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In  establishing  the  number  and  ranges  of  class  intervals,  mapping  problems 
are  minimized  by  avoiding  detail  that  is  not  significant  to  vehicle 
behavior.  For  example,  slopes  beyond  70  percent  are  essentially  impassable 
to  current  vehicles,  so  that  definition  above  this  level  serves  no 
useful  purpose.  A  listing  of  the  terrain  factors,  their  usual  units, 
factor  ranges,  and  the  number  of  classes  into  which  each  factor  is 
divided  for  the  establishment  of  terrain  unit  boundaries  is  given  in 
Table  1. 

The  first  terrain  study  maps  for  mobility  evaluation  purposes  were 
prepared  manually,  in  large  part  from  air  photos.  Single-factor  maps 
were  made  by  air-photo  interpretation,  and  subsequently  overlaid  to 
produce  factor  family  maps.  The  procedure  required  skilled  air-photo 
interpreters  who  understood  vehicle  mobility  fundamentals.  The  optimum 
combination  of  required  talents  was  not  always  available  in  practice.  In 
addition,  the  process  was  slow  and  costly,  and  the  manually  produced 
maps  did  not  lend  themselves  to  reliable  computer  manipulation  during 
either  their  construction  or  their  later  use. 

The  original  process  has  recently  been  revised  to  use  the  computer 
extensively  from  development  of  the  terrain  unit  maps  right  through  to 
the  production  of  mobility  maps.  The  concept  of  the  computer-oriented 
procedure  is  essentially  the  same  as  the  manual  procedure. 

Manual  procedure 

Separate  maps  are  prepared  manually  for  each  terrain  factor  at  a 
common  scale  (usually  1:25,000  or  1:50,000).  The  boundaries  of  terrain 
factor  classes  (except  slope  classes,  which  are  normally  obtained  from 
topographic  maps)  are  established  on  aerial  mosaics  using  air-photo 
interpretation  techniques,  and  subsequently  transferred  to  a  map  of  the 
appropriate  scale.  Where  ground  truth  data  are  available,  the  sampling 
points  are  located  on  the  mosaic  and  described  by  the  observed  terrain 
factor  complex  number.  For  each  individual  factor  or  factor  family, 
patterns  on  the  photographs  are  identified  by  differences  in  tone, 
texture,  and  geometry.  For  areas  and  patterns  for  which  there  are 
no  ground  truth  data,  factor  classes  are  assigned  by  associating  land 
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use,  landform,  topographic  position,  and  the  interpreter's  background 
knowledge  of  the  area. 

The  final  step  in  the  mapping  procedure  is  the  construction  of 
terrain  factor  complex,  or  terrain  unit,  maps  by  superposition  of  factor 
or  factor  family  maps.  At  this  stage,  each  final  map  unit  is  identified 
by  a  sequence  of  terrain  factor  class  numbers.  Using  these  numbers,  the 
terrain  units  are  ordered  by  increasing  general  mobility  difficulty,  and 
assigned  identification  numbers  in  this  order.  Factor  maps  of  an  area 
at  Fort  Knox  are  shown  in  Figures  2-4;  an  illustration  of  a  terrain 
factor  complex  map  for  the  same  area,  together  with  the  number  array 
that  describes  some  of  the  units  shown  on  the  map,  is  given  in  Figure  5. 

A  computer-ai ded  technique 

To  construct  reasonable  mobility  maps  for  large,  new  study  areas 
on  a  timely  basis,  a  second  approach  was  designed.  This  approach  begins 
by  assembling  available  information  in  map  form  on  many  physical  aspects 
of  the  area,  i.e.  soils,  geology,  gross  vegetation,  etc.,  plus  the  best 
available  topographic  maps.  Numeric  codes  are  established  for  all 
information  in  the  legend  of  each  map. 

By  overlaying  the  several  maps  at  a  common  scale,  they  are  consolidated 
into  a  single  map  with  appropriately  expanded  legend  information.  This 
step  is  currently  implemented  on  the  computer.  To  do  this,  discrete 
areas  (or  line  segments)  on  each  basic  map  are  defined  in  a  manually 
prepared  overlay  and  legend  information  in  coded  form.  In  the  case  of 
normal  topographic  maps,  information  density  is  so  great  that  two  overlays 
are  made;  one  to  extract  basic  slope  data,  and  a  second  to  extract  all 
of  the  extensive  land-use  and  other  useful  information  which  is  overprinted 
on  the  contours.  Figure  6  illustrates  a  coded  land-use  map  made  by 
manually  overlaying  a  topographic  map.  The  coded  legend  picks  up  all 
information  provided  in  the  original  map  legend  for  each  discrete  area. 

Boundaries  between  differently  coded  areas  on  the  separate  manual 
overlays  are  defined  by  a  series  of  x-y  coordinates  automatically 
generated  by  a  digital  line-follower,  and  recorded,  with  the  codes,  on  a 
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magnetic  tape.  Computer  routines  convert  these  data  to  a  new  map, 
stored  as  a  computer  array.  In  which  each  discrete  area  is  approximated 
by  a  large  number  of  rectangular  cells  of  predetermined  size,  and  each 
cell  is  associated  with  the  appropriate  basic  data  in  coded  form. 

Figure  7  shows  the  map  in  Figure  6  as  output  by  the  computer  using  106- 
by  127-m  cells.  This  cell  size  permits  preparing  maps  at  a  scale  of 
1:25,000  by  using  a  high-speed  printer  and  two  characters  per  cell. 

When  the  manual  overlay  data  for  all  individual  maps  are  in  the 
computer,  they  are  then  overlaid  (by  various  routines)  to  produce  the 
final  consolidated  map  and  corresponding  extended  legend,  again  stored 
in  arrays  (Figure  8) .  At  this  point  in  the  process  the  map  consists  of 
a  mosaic  of  small  areas,  within  each  of  which  all  descriptors  from  the 
available  data  are  identical.  These  areas  are  logical  areal  terrain 
units  or  patches  by  basic  definition,  since  there  are  no  data  upon  which 
to  assign  anything  other  than  a  single  set  of  mobility  factor  values 
throughout  any  one  of  them. 

In  the  final  step,  the  composite  qualitative  legend  information 
for  each  patch  is  interpreted  to  assign  a  reasonable,  consistent  set  of 
quantitative  terrain  factor  classes  to  the  patch.  This  is  done  by 
examining  appropriate  subsets  of  the  qualitative  information  and  inferring 
from  each,  class  values  for  specific  single  terrain  factors  or  factor 
families.  Because  of  the  discrete  values  in  the  composite  legend  data, 
these  interpretations  can  be  coded  as  algorithms  and  formed  into  a 
computer  routine  for  translating  the  coded  qualitative  legend  directly 
into  quantitative  terrain  factor  classes.  Design  of  the  translation 
routine  makes  use  of  many  additional  data  sources,  including  air  photos 
of  areas  of  special  interest  or  complexity.  Separate  routines  are  used 
for  different  geographic  areas  to  reflect  appropriate  climatic  and 
cultural  influences  and  kinds  and  quality  of  the  available  basic  map 
data. 

When  the  qualitative  composite  map  legend  data  have  been  translated, 
as  above,  the  result  is  a  terrain  factor  complex,  or  patch,  map  containing 
all  of  the  terrain  data  for  the  mapped  area  that  are  needed  for  AMC-71  or 
AMM-75.  Moreover,  the  map  and  all  of  the  data  are  immediately  available  in 
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the  conputer  for  making  vehicle  performance  predictions,  statistical 
aggregations  of  performance  in  the  area,  performance  maps  such  as  shown 
in  Figure  9,  etc. 

Assignment  of  terrain  factor  values 

The  mobility  modules  use  actual  values  for  the  numerous  factors 
rather  than  class  designators.  In  the  past,  the  value  assigned  was 
always  the  midrange  value  for  the  class  specified.  This  interpretation  of 
the  classed  data,  in  effect,  replaces  nature's  continuum  by  a  step 
function,  which  has  some  undesirable  side  effects  when  large  parts  of  a 
study  area  are  nominally  similar,  and  hence  fall  within  a  single  terrain- 
unit  definition.  At  present,  numerical  values  for  each  terrain  factor 
in  a  specific  patch  are  assigned  random  values  within  each  designated 
class  range  describing  the  patch.  Thus,  two  patches  that  are  identical 
at  the  terrain  unit  level  are  no  longer  necessarily  identical  at  the 
patch  level.  This  final  step  in  assigning  terrain  factor  values  to  the 
map  is  done  only  once  to  complete  the  map  legend.  When  the  legend  is 
completed,  all  vehicles  subsequently  see  each  individual  patch  in  terms 
of  an  identical  array  of  numerical  values  for  the  terrain  factors  describing 
it. 


Comparison  of  the  Manual  and  Computer-Aided 
Terrain  Mapping  Techniques 

Figure  10  compares  the  general  flow  of  processes  and  Information 
generation  by  the  two  mapping  procr  lures.  Differences  arise  primarily 
from  the  form  of  the  basic  data  with  which  the  two  processes  begin. 

When  starting  with  the  more  detailed  but  unanalyzed  air-photo  information, 
terrain  factor  maps  are  developed  directly,  and  patches  are  defined  by 
their  subsequent  overlay  to  form  a  factor  complex  map.  When  beginning 
with  mapped  information,  which  already  represents  a  considered  analysis 
of  the  situation,  the  mapped  data  are  first  consolidated  by  overlay  to  a 
single  map  of  all  information  to  be  used.  Patches  are  assigned  on  the 
basis  of  apparent  uniformity  shown  at  this  point,  and  terrain  factor 
sets  are  assigned  patch-by-patch  on  the  basis  of  the  total  information. 
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The  result  In  each  case  is  a  map  In  the  terms  needed  to  study  vehicle 
mobility  in  the  area  using  AMC-71  or  AMM-75. 

The  primary  advantages  of  the  computer-aided  method  are  that  it 
meets  demands  for  relatively  rapid  preparation  of  terrain  and  mobility 
data  for  a  variety  of  large  study  areas  at  a  reasonable  cost.  This  is 
accomplished  by  starting  from  mapped  data  rather  than  beginning  with 
'iir-photo  interpretation.  Available  map  legend  information  lends  itself 
to  consistent  computer  interpretation,  and  both  manpower  and  personnel 
skill  requirements  are  accordingly  considerably  reduced. 

On  the  other  hand,  the  resolution  and  accuracy  of  maps  generated 
by  the  computer-aided  technique  depend  heavily  on  the  quality  of  available 
map  information,  consistency  in  map  scales  and  legends,  and  the  realism 
of  the  relations  by  means  of  which  the  standard  map  legend  Information 
is  translated  to  terrain  factor  classes.  At  present  the  preliminary 
relations  that  have  been  developed  provide  terrain  factors  that  are 
consistent  with  the  available  basic  mapped  data.  The  relations  appear 
reasonable  based  on  air-photo  spot  checks  and  on  extensive  experience 
with  vehicle  tests  and  terrain  measurements  in  the  field.  They  are 
totally  unvalidated,  however.  Work  is  needed  to  validate  and  refine  or 
modify  these  relations,  and  to  develop  a  reliable  standard  methodology 
for  this  critical  part  of  the  computer-aided  technique. 

Terrain  Data  Available  for  Ground  Mobility  Studies 

Only  a  few  relatively  small  areas  of  the  world  are  presently 

mapped  explicitly  in  terms  of  the  terrain  factors  used  in  AMC-71  and 

AMM-75.  From  1971  to  1974,  five  small  areas,  each  approximately  3  by 

50  km  were  mapped  at  a  scale  of  1:25,000  by  the  manual,  air-photo  method  to 

obtain  a  variety  of  terrain  data  to  exercise  the  developing  mobility 

model  and  to  assess  the  practical  aspects  of  the  mapping  method.  Some 

of  these  long,  narrow  terrain  samples,  termed  transects,  were  used  in 

8  9 

early  vehicle  mobility  evaluation  studies.  *  The  transects,  for  which 
both  areal  and  linear  feature  terrain  unit  maps  are  available,  are 
representative  of  a  variety  of  physical  environments  as  follows: 


‘Partial  road-unit  maps  also  available. 
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The  West  Germany  and  United  States  araaa  are  on  military  reservations. 
A  variety  of  terrain  conditions  In  Thailand  range  from  coastal  plains  in 
Chanthaburi  to  mountains  and  valleys  at  Chlang  Mai. 


Concluding  Remarks 


In  spite  of  growing  demands  for  the  kind  of  reliable  quantitative 
mobility  information  that  the  Army  Mobility  Model  can  supply  there  are 
no  programs  or  plans  specifically  to  extend  the  current  limited  terrain 
data  base  or  to  develop  rational  procedures  to  do  so  on  a  timely  and 
cost-effective  basis.  The  computer-aided  mapping  technique  discussed 
herein  was  developed  as  part  of  an  ad  hoc  study.  The  discussion  that 
follows  tells  what  is  needed  and,  hopefully,  what  will  eventually  happen. 

At  present,  it  seems  that  only  a  few  elements  of  the  mobility  R&D  community 
consider  that  these  needs  are  in  any  way  urgent. 

Any  overall  plan  to  improve  the  quality  and  utility  of  terrain 
modeling  to  support  mobility  evaluations  must  include  means  of  standardizing, 
simplifying,  and  validating  end  products  (terrain  maps),  increasing  the 
readily  available  data  base,  and  developing  means  for  meeting  unexpected 
user  requirements  on  a  timely  basis.  All  of  these  must  be  achieved  at  a 
reasonable  cost. 

Foremost  among  these  at  this  time  is  the  need  to  expand  the  present 
terrain  data  base.  Although  the  Army  Mobility  Model  is  maintained  by 
WES  and  TACOM  at  a  high  state  of  readiness,  its  \alue  in  quick-response 
situations  is  limited  because  the  terrain  data  base  is  often  Inadequate 
or  inappropriate  at  the  time  the  need  arises.  For  an  increase  in  the 
demonstrated  value  and  utility  of  the  Army  Mobility  Model,  the  current 
terrain  data  base  must  be  Increased.  Too  often  questions  are  asked 
about  vehicle  performance  in  environments  for  which  mobility  terrain 
characterization  is  not  now  available. 

The  next  priority  is  new  work  to  develop  methods  and  techniques 
for  rapidly  and  economically  translating  available  maps  and  other  data 
into  terrain  factor  values  related  to  vehicle  mobility,  and  for  preparing 
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such  information  for  input  to  engineering  models  for  the  prediction  of 
terrain-vehicle-driver  interactions  a :  various  degrees  of  resolution. 
Credibility  demands  that  acquisition  and  interpretation  of  such  information 
be  done  consistently  and  that  the  latter  be  done  on  the  basis  of  demonstrable 
relations  among  quantities  required  for  mobility  prediction  and  the 
available  qualitative  site  descriptors.  Consistency,  timeliness,  and 
economy  together  demand  that  the  process  be  computer  oriented  insofar  as 
possible . 

Corollary  to  the  inherent  high  resolution  of  the  Army  Mobility 
Model  and  its  data  requirements  are  time  and  cost  constraints  on  the 
size  of  an  area  that  can,  in  fact,  be  used  in  a  given  practical  study. 

These  constraints  generate  the  need  for  means  to  examine  mobility  over 
much  larger  areas  and  at  suitably  reduced  scales  and  performance  resolutions 
in  order  to  interpret  the  details  of  smaller  area  results  properly  in 
the  context  of  a  more  general  situation.  To  be  meaningful,  such  lower 
resolution  methods  for  terrain  characterization  and  for  related  performance 
predictions  must  produce  mobility  assessments  over  any  given  area  which 
are  logically  and  statistically  consistent  with  assessments  that  would 
result  from  the  full  detailed  study  of  the  same  area. 

intelligent  prosecution  of  these  priority  tasks  in  something  less 
titan  a  "fire-drill"  atmosphere  would  necessarily  Involve  the  solution  of 
a  number  of  longer-range  problems,  such  as  the  development  and  validation 
of  standardized  procedures  for  interpreting,  analyzing,  and  processing 
terrain  data  from  multiple  sources  of  various  levels  of  resolution. 

Although  optimum  terrain  factors  and  factor  classes  depend  on  user  needs 
and  resulting  model  applications,  continuing  expansion  in  the  use  of  the 
model,  which  the  developing  data  base  would  foster,  would  almost  automatically 
answer  many  questions  In  this  area. 

It  should  not  be  the  intent  of  any  future  program  to  establish  a 
large  ground  truth  data  collection  program.  Rather,  the  aim  should  be 
to  establish  and  Immediately  apply  rapid,  economical,  standard  methods 
for  processing  and  interpreting  available  terrain  data  as  the  need 
arises.  The  computer  should  be  employed  as  much  as  possible  to  facilitate 
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data  processing.  To  be  cost-effective,  the  resulting  methods  must  be 
structured  on  the  basis  of  available  data.  Once  terrain  maps  are  prepared 
from  available  data,  a  well-planned  validation  program  requiring  a 
minimum  amount  of  ground  truth  should  be  Implemented.  In  addition, 
development  and  demonstration  of  accepted  methods  of  meaningfully  com¬ 
paring  terrain  on  the  basis  of  single  or  combined  attributes  and/or 
effects  (performance)  should  be  prosecuted  to  allow  determination  of 
whether  or  not  any  existing  terrain  data  set  can  reasonably  be  used  in 
new  situations.  The  minimum  area  that  must  be  mapped  to  be  effective 
for  various  categories  of  use  must  also  be  established. 

To  meet  two  of  the  most  urgent  user  requirements — economy  and 
quick  answers — a  survey  of  the  entire  system  must  be  made  to  Introduce 
automated  procedures  wherever  feasible. 

A  simplified  version  of  the  AMC-71  mobility  model,  suitable  for 
use  with  low-resolution  generalized  terrain  data,  and  the  comprehensive 
AMM-75  model  using  detailed  terrain  data  are  presently  on  hand  to  meet 
basic  user  requirements  for  vehicle  mobility  assessment.  Plans  for  the 
future  development  of  these  models  should  include  adjusting  and  extending 
them  as  necessary  so  that  they  can  be  interfaced  with  higher-order 
models  involving  scenarios  ranging  from  individual  small-unit  actions  to 
division-size  engagements.  It  is  already  apparent  that  future  R&D  plans 
must  include  development  of  clear  procedures  for  interfacing  pertinent 
models  and  supporting  terrain  data.  This  implies  that  a  coordinated 
effort  with  the  combat  developments  community,  whose  responsibility  it 
is  to  establish  policies  and  procedures  for  the  development  and  use  of 
standard  scenarios  in  present  and  future  combat  developments  processes, 
is  in  order. It  also  Implies  that  mobility-oriented  terrain  studies 
should  be  coordinated  with  the  agencies  responsible  for  production 
mapping  to  standardize  map  legends  more  meaningful  to  mobility  evaluation 
studies.  Improved  mobility  simulation  would  aid  in  a  better  assessment 
of  the  capability  of  current  and  future  Army  forces. 
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Validation  is  required  in  each  step  just  discussed.  Simplification, 
standardization,  and  automation  can  and  should  lead  to  lower  cost,  and 
increasing  the  data  base  and  interfacing  with  higher-order  models  will 
satisfy  additional  user  requirements.  A  true  measure  of  cost  effective¬ 
ness  is  not  obtainable,  however,  until  the  question  "How  good  are  the 
end  products?"  can  be  answered.  This  means  validation  with  ground  truth 
data  and  real  vehicles  in  real  terrain  in  real  time. 
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Tabla  1 


Summary  of  Tarraln  Data  Repaired  for  Army  Mobility  Hgdej 


Terrain  or  Road  Factor 


Range 


Surface  material 
Type,  USCS /other 
Mass  strength.  Cl  or  RCI 


Off  Road  (Areal) 


NA 

0->280 


Slope,  X 
Obstacle 

Approach  angle,  deg 
Vertical  magnitude,  cm 
Length,  in 
Width,  cm 
Spacing,  m 
Spacing,  type 

Surface  roughnesa,  rms,  cm 
Stem  diameter,  cm  1 
Stem  spacing,  m  f  Paira) 
Visibility,  m 


0->70 


90-270 

0->85 

0->150 

0->1200 

0->60 

NA 

0-20 

0->25 

0->l®0 

0->50 


Off  Road  (Linear]) 


Water  depth,*  m 
Water  velocity,*  mpe 
Water  uidth,*  m 


0->5 

0->3.5 

0->70 


Top  width,  m 

Left  .pproach  angle,  deg 
Right  approach  angle,  dag 
Differential  bank  height  or  differential 
vertical  magnitude,  m 
Low  bank  height  or  leaat  vertical 
magnitude,  ra 


0->70 

90-270 

90-270 

0->4 

0-  >6 


On  Road 


Surface  material 
Type,  USCS/Other 
Surface  strength 
Trails,  Cl  or  RCI 
Other,  traction  coeff icienta 


NA 

0->280 

0.01->0.80 


Slone,  7, 

Eli  cation,  m 
Surfacu  roughness,  rms. 
Curvature,  deg 
Width,  m 

Superelevation,  X 


0->70 
0->3000 
0->8. 1 
0-90 
l->60 
0->10 


*Aleo  uaed  in  araal  tarrain  (when  lakea 


No.  of  Factor 

Claasaa 


5 

11 

8 

14 

7 

7 
5 

8 
2 
9 
8 
8 
9 


6 

6 

21 

21 

20 

20 

9 

8 


5 

11 

6 

8 

7 

9 

10 

10 

4 


or  marahaa)  ara  encountered. 


Table  2 


*  Transect  area  or  traverse  length. 

**  Special  mobility  studies. 

+  Validation  tests.  Numbers  indicate  number  of  cross-country  traverses. 
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Length - _ Obstacle 

Width - "6eometry 

Spac  ing - 

Spacing  type - 

Surface  Roughness* - 


Surface  _ 
Geometry* 


Vegetation 
Stem  diameter 
Stem  spac ing  - 

Visibility*—— 


■i  Vegetation 
J Structure 


Vegetation 


Surface  Hater ial 
Type - 


Hass  strength* 

Hater  cover 

Depth*  ■ 

Current*-— . 

Width* - 


Surface 

Composition' 


Left  Approach  Angle*-" 

Right  Approach  Angle*--—  - - 

Differential  Bank  Height  or  _ 

differential  vertical  magnitude 

Top  width  . . . 

low  BANK  HEIGHT  OR  LEAST _ 

VERTICAL  MAGNITUDE 


Surface 

Linear— 

Geometry 


Areal 

(Patch) 


Linear 

(Segment) 


(k  Road 


Surface  Hater ial 


Type  - - -  ■■■— 

Surface  Strength  and 

TRACTION  PROPERTIES- 

Slope  ■ 


Elevation  - 

Surface  Roughness*- 
Curvature  — 


Super- elevation ■ 

Visibility* - 

Hioth  - - 


^Surface _ 

Composition 


^Surface 

Geometry 


Road 

(Segment) 
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Figure  9.  Illustration  of  mobility  map  for  a  wheeled  vehicle 
prepared  by  computer  program 
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RIDE  DYNAMICS  MODULE  FOR  AMM-75 
GROUND  MOBILITY  MODEL 


by 

N.  R.  Murphy,  Jr.,  and  R.  B.  Ahlvin 
Background 

In  December  1969  the  U.  S.  Army  Waterways  Experiment  Station  (WES)  and 
the  U.  S.  Army  Tank-Automotive  Command  (TACCM)  undertook  a  unified  program  to 
incorporate  the  existing  research  and  engineering  technology  of  terrain- 
vehicle-man  inteructians  into  a  comprehensive  computerized  simulation  of  a 
vehicle  moving  across  a  complex  terrain.  This  task  was  part  of  a  five-year 
range  progressive  research  plan  under  the  auspices  of  the  U.  S.  Army  Materiel 
Command  (AMC) .  The  plan  called  for  consolidation  and  synthesis  of  existing 
performance  prediction  methodology  and,  through  systematic  research  and 
validation  efforts,  progression  toward  a  simulation  system  that  would  predict 
performance  with  a  field-demonstrated  accuracy  sufficient  for  detailed  vehicle 
design  and  combat-effectiveness  studies. 

The  first-generation  model  was  completed  in  July  1971  and  was  designated 
the  AMC- 71  Ground  Mobility  Model  (AMC-71).1  AMC-71  consists  of  four  basic 
computational  modules:  (a)  ride  dynamics  module,  (b)  areal  terrain  unit 
module,  (c)  linear  terrain  module,  and  (d)  output  module.  The  ride  dynamics 
module  is  used  to  calculate  vehicle  speed  as  limited  by  driver  tolerance  to 
shock  and  vibration  when  the  vehicle  is  negotiating  rough  terrains  and  dis¬ 
crete  obstacles.  Its  primary  outputs  are  two  sets  of  numbers.  The  first  is 
an  array  of  limiting  speed-surface  roughness  coordinates,  and  the  second  is 
an  array  of  limiting  speed-obstacle  height  coordinates.  These  arrays  repre¬ 
sent  the  ride-  and  shock-limiting  criteria  for  a  specific  vehicle  and  serve 
as  inputs  to  the  areal  terrain  module. 

In  the  interest  of  expediency,  the  AMC-71  ride  dynamics  module  was  pro¬ 
grammed  for  four  specific  vehicles  only — two  tracked  and  two  wheeled — which 
were  selected  at  the  outset  of  the  program  by  WES  and  TACOM  representatives 
as  the  validation  vehicles  to  be  used  in  a  comprehensive  program 


83 


Preceding  page  blank 


to  determine  the  accuracy  and  utility  of  the  simulation  system  and  assist  in 
making  the  necessary  refinements. 

It  was  understood  at  the  outset  of  this  program  that  a  more  general  ride 
dynamics  module  would  be  required  before  the  mobility  model  would  be  suitable 
for  general  use.  Therefore,  the  development  of  a  single  computer  program 
that  would  readily  accommodate  any  type  of  rigid-framed  wheeled  or  tracked 
vehicle  was  included  as  a  part  of  the  proposed  five-year  plan.  This 
computer  program,  which  is  the  subject  of  this  paper,  has  been  developed 
and  is  referred  to  as  the  AMM-75  ride  dynamics  module. 

Description  of  AMM-75  Ride  Dynamics  Module 

The  AMM-75  ride  dynamics  module  is  a  digital  computer  program  intended 
primarily  for  use  in  determining  vehicle  speed  as  limited  by  shock  and  vibra¬ 
tion.  The  program  is  coded  for  a  Honeywell  6000  Series  computer  for  use  in 
either  the  time-sharing  or  the  batch  operational  modes  and  all  data  are 
entered  in  a  free-form  format.  The  format  for  the  input  data  is  given  in 
Appendix  A.  It  is  restricted  to  rigid-frame  vehicles  and  two-dimensional 
(planar)  motion,  and  is  capable  of  handling  any  type  or  mix  of  suspensions 
that  can  be  represented  in  a  two-dimensional  framework.  The  program  requires 
specific  terrain  and  vehicle  factors  as  inputs,  and  yields  as  output  the 
motions  at  various  parts  of  the  vehicle  that  allow  for  the  determination  of 
the  limiting  speeds  due  to  shock  and  vibration  in  terms  of  established 
subjective  response  limits  and  specific  terrain  attributes.  Special  features 
of  the  module  are  described  in  the  following  paragraphs. 

Suspensions 

The  module  treats  four  basic  suspension  types:  (a)  independent,  which 
for  a  two-dimensional  model  includes  also  the  solid-axle  suspension;  (b)  no 
unsprung  assemblies,  such  as  found  on  many  earthmovers  and  some  military 
vehicles  such  as  the  GOER:  (c)  walking  beams;  and  (d)  bogies.  The  mass¬ 
spring-damper  representations  of  these  various  suspension  types  are  shown  in 
Figure  1.  The  module  will  accommodate  any  combination  of  these  four  suspen¬ 
sion  types. 

The  suspension  compliance  is  represented  in  the  form  of  force-deflection 
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and  force-velocity  tables  that  account  for  the  suspension's  elastic  and 
energy  dissipation  properties,  respectively.  Frictional  (Coulomb)  damping 
may  be  accounted  for  through  the  proper  inputB  in  the  force-velocity  tables 
or  by  including  the  appropriate  hysteresis  effects  in  the  force-deflection 
tables. 

Tires  and  road  wheels 

Tires  and  road  wheels  are  modeled  as  clusters  of  radial  springs  (see 

Figure  2a).  The  number  of  springs  to  suitably  describe  the  tire's  compliance 

is  selected  by  the  user.  A  single  coordinate  from  an  experimental  (or 

theoretical)  force-deflection  relation  allows  for  determination  of  the  spring 

constant  assigned  to  each  spring  (see  Figure  3) .  The  spring  constant  is  a 

function  of  the  force-deflection  coordinate  value  and  the  number  of  springs 

2 

representing  the  wheels.  This  segmented-wheel  concept  allows  for  a  more 
realistic  modeling  of  the  effects  of  tire  geometry  and  distribution  of  forces 
in  the  tire-terrain  contact  patch. 

Tracks 

Past  experiments  have  shown  that  tracks  can  have  a  significant  influence 

on  the  ride  dynamics  of  a  vehicle.  As  a  result  of  a  compromise  involving 

model  complexity,  adequate  description  of  the  significant  motion,  and  the 

time  and  cost  of  computer  simulations,  a  tracked  model  was  developed  that 

would  be  as  simple  as  possible  and  yet  afford  suitable  simulations  of  cross- 

3 

country  vibrations.  The  geometry  effects  of  the  road-wheels  are  represented 
by  radially  projecting  stiff  springs,  and  the  track  tension  by  interconnecting 
linear  springs  between  adjacent  road-wheels.  The  geometry  and  track  compli¬ 
ance  of  the  forward  portion  of  the  track  are  represented  by  three  variables: 
the  track  length  measured  from  beneath  the  leading  road-wheel  to  the  foremost 
part  of  the  track,  the  approach  angle,  and  the  equivalent  spring  constant. 

The  track  thickness  is  accounted  for  by  adding  an  equivalent  amount  to  the 
radius  of  the  road  wheel.  A  schematic  of  a  tracked  vehicle  is  shown  in 
Figure  2b;  that  of  a  half-tracked  vehicle  in  Figure  2c. 

Driver  response 

Hie  user  has  the  option  of  obtaining  either  of  two  types  of  responses  at 
the  driver's  location;  one  includes  the  driver's  motions  completely  disregarding 
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the  dynamics  of  the  seat,  and  the  other  includes  the  driver's  motions  and  the 
dynamics  of  the  seat.  The  latter  is  obtained  by  supplying  appropriate  spring 
and  damping  functions  for  the  seat  and  the  weight  of  the  driver. 

Absorbed  power 

Absorbed  power  is  the  measure  of  the  rate  at  which  vibrational  energy  is 
absorbed  by  a  human  and  is  the  quantity  currently  used  to  determine  human 
tolerance  to  vibration  when  a  vehicle  is  negotiating  rough  terrain.  The 
digital  implementation  of  absorbed  power  was  derived  from  two  analog  circuits 
Inputting  vertical  acceleration  to  one  circuit  yields  absorbed  power  in 
watts;  the  other  circuit  averages  over  a  finite  time.  This  finite 
averaging  time  prevents  saturation  of  analog  components  and  allows 
absorbed  power  to  be  computed  in  the  field  with  portable  analog  instru¬ 
ments  during  experimental  ride  tests  for  both  stationary  and  nonstationary 
responses.  This  absorbed  power  is  referred  to  as  "instantaneous  absorbed 
power."  The  average  of  instantaneous  absorbed  power  over  the  total 
elapsed  time  is  referred  to  as  "average  absorbed  power."  Presently,  the 
tolerance  limit  is  taken  as  6-watts  absorbed  power  and  the  ride  limiting 
speed  is  that  speed  at  which  the  driver's  average  absorbed  power  reaches 
a  sustained  level  of  6  watts.  Absorbed  power  is  computed  only  at  the 
driver's  position.  However,  should  this  quantity  be  desired  at  some 
other  location,  it  can  be  obtained  by  designating  that  location  as  the 
driver  position.  This  is  accomplished  by  inputting,  for  the  driver 
position,  the  appropriate  horizontal  distance  from  the  vehicle's  center 
of  gravity  to  the  specific  location  desired. 

Program  output 

The  principal  output  of  the  program  consists  of  a  listing  containing  an 
identification  block  and  a  summary  of  all  vehicle  input  data  followed  by  a 
detailed  printout  of  the  displacements,  velocities,  accelerations,  and  root 
mean  square  (rms)  accelerations  of  the  driver  and  each  degree  of  freedom, 
along  with  the  driver's  instantaneous  vertical  absorbed  power,  the  cumulative 
average  absorbed  power,  (averaged  over  the  elapsed  time),  the  distance 
traveled,  the  cumulative  maximum  and  minimum  of  each  acceleration,  and  the 
corresponding  elapsed  time.  Presently  the  computer  processing  time  and  the 
execution  rate  in  terms  of  the  computer  time  required  for  one  record  of  the 
problem  time  is  also  listed  on  the  printout  to  provide  a  basis  for  estimating 
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run  time  and  costs.  The  printout  interval  is  an  Input  variable  selected  at 
the  discretion  of  the  user  and  may  be  any  value  larger  than  the  time  step 
used  in  the  numerical  solution  of  the  differential  equations.  This  time 
step  is  an  input  variable  and  for  optimum  efficiency  is  0.01  sec  for  wheeled 
vehicles  and  0.005  sec  for  tracked  vehicles.  A  separate  program  is  available 
to  plot  the  desired  time  histories. 

Int it ial  cond it  ions 

The  user  has  the  option  either  to  input  the  initial  displacements  (the 
velocities  and  accelerations  must  be  zero  initially)  or  to  let  the  program 
calculate  them  prior  to  each  run.  The  calculations  are  based  upon  an  iter¬ 
ative  matrix  solution,  which  involves  only  algebraic  computations  and  con¬ 
sequently  converges  very  rapidly  to  the  proper  initial  state.  The  calcula¬ 
tion  of  initial  conditions  adds  no  significant  increase  to  run  time. 
Significant  features 

The  significant  features  of  the  module  are: 

a.  Simple  data  input. 

b.  Capability  of  representing  any  rigid-frame  vehicle  configuration. 

c.  Capability  of  including  hysteresis  affects. 

d.  Extended  tire/wheel  contact. 

e.  Seat  dynamics  (optional). 

_f.  Calculation  of  instantaneous  and  average  absorbed  power. 

jg.  Detailed  output  of  all  motions,  including  maximum  and  minimum 
accelerations. 

h.  Accommodation  of  four  types  of  suspension  in  any  combinations. 

_i.  Accommodation  of  wheels  or  tracks,  or  half-tracks. 

Capability  of  representing  both  viscous  and  frictional  damping. 

Basic  differences  between 

AMC-71  and  AMM-7 5  ride  dynamics  modules 

Many  of  the  simplifying  assumptions  and  limitations  of  the  AMC-71  ride 
dynamics  module  have  been  eliminated  in  the  development  of  AMM-75. 

Basic  differences  are: 

a.  The  small-angle  assumptions  of  AMC-71  were  eliminated  in  AMM-75. 


b.  The  terrain  profiles  deflect  the  wheel-spring  segments  radially  in 
AMM-75  rather  than  vertically  as  in  AMC-71. 

c.  All  vehicle  characteristics  are  input  as  data  in  AMM-75  rather  than 
requiring  a  separate  program  for  each  vehicle  as  in  AMC-71. 

d.  An  option  to  include  the  effects  of  suspension  and  tire  hysteresis 
was  introduced  in  AMM-75;  it  is  not  in  AMC-71. 

e.  An  option  to  include  seat  dynamics  was  added  to  AMM-75;  it  is  not 
in  AMC-71. 

f.  AMM-75  accepts  two  basic  formats  of  input  profile  data — (1)  corre¬ 
sponding  stations  and  elevation  coordinates  (x,y  values),  in  which 
case  the  spacing  between  profile  points  does  not  have  to  be 
uniform,  or  (2)  elevations  onlv,  in  which  case  they  are  generated 
at  a  constant  spacing  specified  in  the  input.  AMC-71  accepts 
only  elevations  spaced  at  4-in.  intervals. 

Current  limitations 

The  module  can  treat  any  type  of  rigid-body  configuration.  The  following 
are  dimension  limitations  inherent  in  the  current  program: 

a.  Program  dimensions  and  printout  format  allow  for  up  to  only  eight 
wheels. 

b.  Maximum  number  of  segments  per  wheel  is  limited  to  50. 

c.  Maximum  number  of  coordinates  (total  for  all  table  look-up  relations) 
is  limited  to  400. 

d.  The  ratio  of  the  vehicle  length  to  the  minimum  average  input  profile 
spacing  must  be  100. 

Assumptions 

Generally  the  assumptions  in  this  program  are  to  provide  simplifications. 
The  assumptions  of  lumped  parameters  greatly  simplifies  the  analytical  effort 
of  modeling  the  mechanical  system.  The  assumptions  are: 

a.  The  main  elements  are  rigid  bodies, 

b.  The  external  force  acts  on  the  vehicle  body  at  a  single  point. 

c.  The  vehicle  has  no  height. 


d.  No  vehicle  element  is  allowed  to  deflect  in  any  plane  except  suspen¬ 
sion  spring  elements,  which  deflect  along  their  axes. 

e.  The  driver's  mass  does  not  influence  the  motion  of  the  vehicle. 
Longitudinal  forces  do  not  affect  the  forward  motion  of  the  vehicle. 

£.  The  vehicle  maintains  a  constant  velocity. 

Model  Validation 

The  module's  prediction  accuracy  was  of  primary  concern,  particularly 
the  accuracy  of  the  numerical  integration  routines.^  Therefore,  to  obtain  a 
suitable  first-order  check  on  the  accuracy  of  the  mathematics,  the  digital 
module  was  compared  with  an  equivalent  analog  module,  whose  integrators  and 
overall  prediction  accuracy,  particularly  the  absorbed  power  routine,  had 
been  previously  validated. 

The  vehicle  model  used  in  this  comparison  represented  a  4x4  vehicle 
with  characteristics  similar  to  those  of  an  M151  jeep.  The  suspensions  were 
composed  of  linear  springs  and  dampers,  and  each  tire  was  represented  by  a 
single  linear  spring.  The  vehicle  characteristics  were  identical  for  both 
the  digital  and  the  analog  modules. 

Two  types  of  simulations  were  conducted: 

a.  A  vertical  drop  test. 

b.  Two  runs  at  speeds  of  5  and  10  mph  over  a  sine  wave  with  a  5-in. 
amplitude,  and  a  wavelength  equal  to  the  base  of  the  vehicle 
(84  in.). 

Results  of  drop  tests 

The  corresponding  motions  predicted  for  the  sprung  mass  center  of  gravity 
by  the  analog  and  digital  modules  are  shown  in  Figure  4.  Similar  agreement 
between  the  analog  and  digital  predictions  were  obtained  for  the  other  degrees 
of  freedom. 

Results  of  runs  over  sine  wave 

The  center  of  gravity  motions  resulting  from  the  analog  and  digital 
simulations  over  the  sine  wave  arc  shown  for  the  5-  and  10  mph  runs  in 
Figures  5  and  6,  respectively.  The  close  agreement  between  digital  and 
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analog  predictions  throughout  the  successive  orders  of  integration  tend  to 

confirm  the  validity  of  the  numerical  integration  routines  in  the  digital 

module  and  their  associated  algorithms.  However,  even  though  the  predicted 

accelerations  for  the  vehicle's  sprung-mass  appear  almost  identical  for  the 

two  modules,  the  absorbed  power,  which  is  calculated  from  these  accelerations, 

appears  quite  different  (see  Figure  7).  The  absorbed  power  calculated  for 

the  5-mph  run  in  Figure  7a  by  the  digital  module  is  a  little  lower  than  that 

calculated  by  the  analog  module.  On  the  other  hand,  the  absorbed  power  for 

the  l()-mph  run  (Figure  7b)  shows  the  results  to  be  reversed.  A  more  detailed 

analysis  can  explain  these  differences. 

Taking  first  the  5-mph  run,  a  vehicle  running  at  a  speed  of  5  mph,  or 

88  in. /sec,  over  a  sine  wave  with  a  wavelength  of  84  in. /cycle  is  being 

excited  at  a  frequency  of  about  1.05  Hz.  The  acceleration  traces  in  Figure 

7c  reveal  the  steady-state  peak  accelerations  are  0.85  and  0.95  g  for  the 

2  4 

digital  and  the  analog  modules,  respectively.  Using  the  formula  P  *  KA 

rras 

for  calculating  the  theoretical  absorbed  power  from  sinusoidal  waves  yields 

Pd  -  0.010233  x  [0.85  x  32.2  x  0- 707 ] 2  =  3.82  watts 

P  *  0.010223  x  [0.95  x  32.2  x  0. 707 J 2  =  4.78  watts 
a 

These  equations  reveal  that  theoretically  a  difference  of  about  10  percent 
in  the  acceleration  produces  about  20  percent  difference  in  absorbed  power. 

For  the  10-mph  run  the  vehicle  is  traveling  at  17b  in, /sec  over  the  sine 
wave  that  produces  an  excitation  frequency  of  about  2.09  Hz.  The  accelera¬ 
tions  in  Figure  10c  reveal  peak  accelerations  on  the  order  of  2.6  and  2.4  g 
predicted  by  the  digital  and  analog  modules,  respectively.  However,  in  this 
case,  the  digital  module  predicted  the  higher  peak  accelerations.  Even 
though  at  this  speed  the  vehicle  models  often  became  separated  from  the  sine 

wave  forcing  function  causing  nonlinear  responses  and  deviations  from  true 

2 

sinusoidal  responses,  the  formula  P  =  KA  can  still  be  used  to  determine 

rras 

a  fairly  reasonable  estimate  of  the  intensity  of  the  theoretical  absorbed 
power: 
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178  watts 


PJ  -  0.050971  x  [2.6  x  32.2  x  0.707]2  - 
0 

P  -  0.050971  x  I2.lt  x  32.2  x  0.707]2  -  152  watts 
a 

Again,  small  changes  In  acceleration  can  produce  rather  large  changes  In 
absorbed  power.  The  absorbed  power  values  predicted  by  the  two  nodules  are 
compared  with  the  theoretical  values  in  the  tabulation  below.  The  agreeaent 
between  the  theoretical  and  predicted  absorbed  power  values  confines  the 
validity  of  the  absorbed  power  algorithms  used  in  both  models. 

Run  _ Digital  Module _  _ Analog  Module _ 

mph  Theoretical  Predicted  Theoretical  Predicted 

5  3.82  4.05  4.78  5.10 

10  178.0  160.0  152.0  140.0 

Although  this  exercise  tends  to  validate  the  absorbed  power  algorithm,  It 
also  reveals  the  sensitivity  of  absorbed  power  to  small  changes  in  accelera¬ 
tion.  This  sensitivity  should  be  even  more  pronounced  as  the  frequency  of 
the  acceleration  approaches  5  Hz,  which  is  its  most  sensitive  region. 

This  will  then  be  further  compounded  when  dealing  with  the  complex  type  of 
wave  form  occurring  in  random  vibrations  that  are  composed  of  many  frequen¬ 
cies  rather  than  with  just  a  single  frequency.  Another  consideration  that 
can  cause  complications  in  multifrequency  wave  forms  is  the  difference  in 
rates  of  convergence  of  absorbed  power  at  different  frequencies  (see 
Figures  8  and  9).  Consequently,  it  is  evident  that  much  more  in-depth 
study  is  needed  in  this  area  to  investigate  the  sensitivity  of  absorbed 
power  in  both  single-frequency  and  multifrequency  wave  forma  and  to  explore 
the  possibility  of  dividing  absorbed  power  into  class  intervals  that  are 
appropriate  to  the  sensitivity  at  various  levels  of  intensity.  This  ap¬ 
pears  to  be  a  necessary  step  to  account  for  scatter  in  experimental  data 
that  must  surely  result  and  before  one  can  expect  reasonable  comparisons 
between  predictions  and  experimental  results  obtained  from  field  tests. 
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Comparison  of  Measured  and  Predicted  Ride-Limiting  Speeds 


Although  a  detailed  analysis  of  the  module's  capability  to  accurately 
predict  cross-country  responses  was  beyond  the  scope  of  this  paper,  a  com¬ 
parison  of  the  measured  and  predicted  ride-limiting  speeds  as  a  function  of 
terrain-surface  roughness  is  given  for  the  M151A2  jeep  and  the  M113A1  APC  in 
Figure  10.  The  ride-limiting  speed  represents  the  speed  at  which  a  sustained 
average  level  of  6  watts  absorbed  power  occurred,  and  the  surface  roughness 
determined  from  the  rms  elevations  of  four  profiles  representative  of  the 
surfaces  of  the  four  test  courses.  The  measured  and  predicted  points  agree 
quite  well  for  both  vehicles,  thus  indicating  these  particular  vehicle 
models  appear  suitable  for  predicting  ride-limiting  speeds  at  least  on  these 
courses.  This  does  not,  however,  say  anything  about  the  accuracy  of  the 
module  in  predicting  vehicle  motions.  The  reason  for  the  agreement  between 
the  measured  and  predicted  ride-limiting  speeds  is  believed  to  be  due  more 
to  the  nature  of  the  basic  absorbed  power  versus  speed  relations  than  the 
agreement  between  predicted  and  measured  vehicle  motions.  This  can  better 
he  understood  by  observing  the  plot  in  Figure  11,  which  illustrates  a  typical 
absorbed  power  versus  speed  relation.  The  "saving  grace"  is  the  rapid 
increase  in  absorbed  power  with  small  increases  in  speed  as  it  approaches 
the  6-watt  ride  tolerance  level.  Large  variations  in  absorbed  power  in  the 
neighborhood  of  this  6-watt  level  produce  relatively  small  variations  in 
speed.  There  is  only  about  a  2-mph  difference  between  the  6  watt  and  the 
12-watt  absorbed  power  levels.  Of  course,  the  slope  of  the  absorbed  power- 
speed  curve  depends  on  both  the  vehicle  and  the  surface  over  which  it  is 
traveling.  However,  this  illustrates  how  a  model  could  predict  ride-limiting 
speeds  rather  accurately  without  accurately  predicting  the  vehicle's  motion. 

Another  reason  for  the  agreement  between  measured  and  predicted  speeds 
could  be  due  to  the  fact  that  the  suspension  compliance  used  in  the  modules 
for  these  vehicle  simulations  represented  the  results  of  carefully  measured 
relations.  The  lack  of  proper  vehicle  relations  for  inputs  to  the  lumped 
mass-spring  models  is  believed  a  major  source  of  error  in  model  predictions. 
For  example,  the  vertical  force-deflection  characteristics  of  a  roadwheel 


of  an  M113A1  APC  were  determined  by  means  of  a  load  cell  connected  by  a 
cable  to  the  vehicle's  road  wheel  and  to  a  forklift  truck.  The  results  are 
shown  in  Figure  12.  The  suspension  assemblies  in  this  vehicle  were  In 
excellent  mechanical  condition,  yet  after  sustained  exercise  of  load/unload 
cycles,  the  response  is  characterized  by  a  significant  hysteresis  loop  in 
which  the  force  in  the  unload  cycle  is  only  about  one-half  that  in  the  load 
cycle.  The  linear  force-deflection  characteristics  of  the  torsion  bar  are 
reflected  from  strain-gage  measurements,  but  are  seen  to  differ  significantly 
from  the  true  suspension  response. 

The  model  prediction  would  probably  be  noticeably  influenced  by  the 
choice  of  suspension  response.  Therefore,  the  actual  response  including  the 
hysteresis  effects  was  used  to  describe  the  suspensions  in  the  simulations 
with  both  the  M1S1  and  M113  vehicles. 

While  on  the  subject  of  model  prediction  accuracy,  it  is  worthy  to  call 
attention  to  one  other  factor  that  can  significantly  affect  model  predictions. 
This  is  the  accurate  modeling  of  the  shock  absorber  response,  which  most 
often  is  a  function  of  both  the  position  and  velocity  of  the  road  wheels. 

This  can  be  visualized  by  observing  the  schematic  in  Figure  13  which  il¬ 
lustrates  rather  clearly  how  the  orientation  of  the  shock  absorber  changes  with 
the  position  of  the  roadwheel.  This  effect  of  roadwheel  position  on  the 
vertical  force  and  velocity  components  of  the  shock  is  currently  not  accounted 
for  in  the  AMM-75  ride  dynamics  module  and  is,  therefore,  one  of  its  current 
inherent  weaknesses.  However,  this  deficinecy  can  be  easily  corrected  and 
will  be  addressed  in  the  very  near  future. 


This  paper  presents  the  AMM-75  Ride  Dynamics  Module,  which  is  a  com¬ 
prehensive,  generalized  digital  computer  simulation  of  the  motions  of  a 
vehicle  that  accounts  for  the  interactions  of  the  vehicle,  the  terrain,  and 
the  operator.  It  is  restricted  to  rigid-frame  vehicles  and  two-demens ional 
(planar)  motions  but  it  is  capable  of  handling  vehicles — wheeled,  tracked  or 
half-tracked — with  any  combination  of  four  types  of  suspensions.  The  module 
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provides  for  inclusion  of  frictional  damping  and  hysteresis  effects,  seat 
dynamics,  and  extended  tire  contact. 

The  principal  output  of  the  program  consists  of  a  listing  containing  an 
identification  block  and  a  summary  of  all  vehicle  input  data  followed  by  a 
detailed  printout  of  the  displacements,  velocities,  accelerations,  and  root 
mean  square  (ms)  accelerations  of  the  driver  and  each  degree  of  freedom, 
along  with  the  driver’s  instantaneous  vertical  absorbed  power,  the  cumulative 
average  abosrbed  power,  (averaged  over  the  elapsed  time),  the  distance 
traveled,  the  cumulative  maximum  and  minimum  of  each  acceleration,  and  the 
corresponding  elapsed  time. 

The  accuracy  of  the  numerical  integration  routines  were  validated  by 
comparison  with  corresponding  predictions  of  an  equivalent  analog  module. 

The  extreme  sensitivity  of  the  primary  response  criterion — absorbed  power — 
to  rather  small  variations  in  acceleration  and  inaccurate  representations  of 
suspension  compliance  were  cited  as  some  of  the  major  sources  of  inaccurate 
predictions . 
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b.  Tracked  vehicle 


i 


c.  Half-tracked  vehicle 


Figure  2.  Mass-spring-damper  representations  of  wheeled 
tracked,  and  half-tracked  vehicles 


Diflection,  in. 


3,000  =  K  [1.35  cos  0°  +  2  (1.02  cos  12.5°)] 

K  =  900  lb/in. 


Figure  3,  Illustration  depicting  method  of  computing  spring 
constant  from  force-deflection  coordinate 
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Figure  4.  Analog  and  digital  compu¬ 
ter  simulations  of  motions  at  center 
of  gravity  of  a  jeep  for  a  vertical 
drop  test.  Initial  conditions: 
sprung  mass  center  of  gravity  ■  10.0 
in.,  pitch  =  0.087  radians,  front-axle 
center  of  gravity  =  13.3  in.,  rear- 
axle  center  of  gravity  =5.8  in. 
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Figure  _2_  Analog  and  digital  computer  simulations  of  absorbed  power 
of  Jeep  running  over  a  5-in.  sine  wave  at  two  speeds 
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Speed  at  Occurrence  of  6-Watt  Absorbed  Power, 


jl* 


Figure  10,  Comparison  of  measured  and  predicted  ride-limiting  speeds 
for  Ml  6  [  deep  and  MM3  AIM  (AMM-7  5  Ride  Dynamics  Module) 
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Limit  of  loading  capability 
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Roadarm  Vertical  Deflection,  in. 

Figure  12  .  Measured  response,  of  an  Mill  APC  .u.pen.lon  Ulu.tratlng  hy.cereal.  effect 
ITiiero  was  no  shock  absorber  attached  to  this  suspension) 


APPENDIX  A:  INPUT  FORMAT  FOR  AMM-75  RIDE  DYNAMICS  PROGRAM 


Vehicle  Data 

The  following  is  a  description  of  the  input  required  for  the 
AMM-75  ride  dynamics  Module.  To  distinguish  between  individual  data 
lines  and  to  establish  some  sort  of  a  numbering  sequence,  the  data  lines 
have  been  numbered  in  a  form  corresponding  to  the  line  number  system 
that  could  be  used  in  making  time-sharing  files. 


100  Vehicle  Identification 

One  line  of  up  to  72  alphanumeric  characters  for  vehicle  identifi¬ 
cation.  This  line  is  printed  in  the  program  output. 

110  Basic  Under-Carriage  Characteristics 

(First  Entry)  Vehicle  type:  1  =  wheeled 

2  =  tracked  or  mixture  of  wheels  and 
tracks 

(Second  Entry)  Suspension  type:  1  =  independent 

2  =  bogie,  walking-beam,  or  any 

combination  of  independent, 
bogie,  and  walking-beam. 

3  =  no  unsprung  assemblies  or  any 

combination  of  '  .dependent 
and  no  unsprung  assemblies. 

4  =  any  combination  of  1,  2, 

and  3. 

(Third  Entry)  Number  of  wheels  on  one  side  (duals  considered  as  one)  . 

120  Dynamic  Properties  of  Sprung  Mass 

(First  Entry)  Gross  vehicle  weight,  lb. 

(Second  Entry)  Pitch  inertia  of  sprung  mass  about  center  of  gravity, 
lb-sec  -in. 
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NOTE:  Ttie  First  Entry  and  Second  Entry  values  are 


for  the  whole  vehicle  and  are  divided  by 
two  within  the  program.  The  sprung  mass 
is  also  computed  internally. 

(Third  Entry)  Longitudinal  distance  of  driver  from  center  of 
gravity,  in. 

NOTE:  Positive  if  forward  of  center  of  gravity, 
negative  if  rearward. 

(Fourth  Entry)  Weight  of  driver,  lb. 

NOTE:  If  zero  entry  then  no  driver  seat  dynamics 
are  included.  However,  motion  at  driver 
position  is  still  obtained  disregarding 
seat  dynamics. 

130  Weight  of  Unsprung  Masses 

An  entry  for  the  weight  of  each  wheel  assembly,  lb. 

NOTE:  For  a  solid  axle  suspension,  use  one-half  weight  of  each 

axle  assembly;  for  no  unsprung  assemblies,  use  zero  weight. 
A  wheel  assigned  a  zero  weight  is  considered  attached 
directly  to  the  sprung  mass  if  the  suspension  type  is 
entered  as  a  3  or  a  A  in  line  110. 

140  Distances  from  Center  of  Gravity 

Longitudinal  distances  of  each  wheel  center  from  center  of  gravity, 
in. 

NOTE:  Positive  if  forward  of  center  of  gravity;  negative  if 
rearward. 

150  Segmented  Wheel  Characteristics 

(First  Entry)  Number  of  spring  segments  for  each  wheel 

NOTE:  This  number  must  be  50  segments  per  wheel 
and  is  considered  the  same  for  each  wheel. 
(Second  Entry)  Wheel  hysteresis  code:  0  =  no  hysteresis  considered 

1  =  hysteresis  considered 

(Third  Entry)  Active  angle  of  segmented  wheel,  deg. 

NOTE:  This  is  an  angle  *  0  and  180°,  symmetric 

about  vertical  center  line  of  the  wheel  which 


no 


designates  the  boundary  of  the  wheel  segments. 
For  a  single  vertical  spring  with  linear 
force  and  deflection  characteristics,  select 
an  active  angle  of  zero  degrees. 

160  Wheel  Radii 

A  separate  entry  for  the  undeflected  radius  of  each  wheel,  in. 

Value  must  be  >  0. 

170  Tire  Deflection  Values 

A  separate  entry  for  each  wheel  specifying  the  deflection  in  inches 
from  a  selected  coordinate  of  a  force-deflection  relation.  This 
must  be  a  value  greater  than  zero  and  less  than  wheel  radius. 

180  Tire  Force  Values 

A  separate  entry  for  each  wheel  specifying  the  force  from  the 
corresponding  coordinate  of  a  force-deflection  relation,  lb. 

These  values  must  correspond  to  the  deflection  given  in  line  170. 
NOTE:  The  1  :  :ger  value  in  the  case  of  a  hysteresis  loop  and 

must  be  a  value  >  0. 

190  Ti re  Force  Values 

A  separate  entry  for  each  wheel  specifying  the  force  from  the 
corresponding  coordinate  of  a  force-deflection  relation,  lb. 

Use  the  smaller  value  in  the  case  of  a  hysteresis  loop.  Omit  this 
entry  entirely  if  tire  hysteresis  is  not  considered.  The  forces 
in  lines  180  and  190  must  both  correspond  to  the  respective 
deflections  given  in  line  170. 

NOTE:  If  only  independent  suspensions  are  involved,  lines 

200-230  are  omitted. 

200  Wheel-Suspension  Identification 

These  entries  are  to  associate  the  appropriate  wheels  with  the 
appropriate  bogie  and  walking-beam  assemblies.  The  computer  checks 
for  a  zero  or  a  non-zero  entry  for  each  wheel  proceeding  from  front 
to  rear  of  vehicle.  A  zero  entry  implies  the  wheel  is  either  an 
independent  suspension  or  an  unsprung  assembly.  A  non-zero  entry 


111 


implies  the  wheel  is  part  of  either  a  bogie  or  walking-beam 
suspension  where  a  positive  non-zero  entry  denotes  a  bogie  and  a 
negative  non-zero  entry  denotes  a  walking  beam.  The  value  of  the 
integer  is  the  number  of  the  bogie  or  walking-beam  assembly.  For 
example,  suppose  a  vehicle  had  six  wheels  on  each  side.  The  first 
two  were  independently  sprung  with  the  remaining  four  wheels  making 
up  two  bogie  assemblies.  The  entries  would  be  as  follows: 

200  0,  0,  1,  1,  2,  2, 

If  the  last  four  wheels  make  up  a  bogie  and  a  walking-beam  assembly, 
respectively,  the  entries  would  be  as  follows: 

200  0,  0,  1,  1,  -1,  -1 

210  Length  of  Bogie  or  Beam  Arms 

A  separate  entry  for  each  wheel  specifying  the  longitudinal 
distance  from  the  wheel  center  to  the  point  of  attachment  to  tne 
sprung  mass,  in. 

NOTE:  Positive  if  forward  of  the  attachment  point;  negative  if 

rearward.  A  zero  entry  is  required  for  those  wheels 
which  are  not  part  of  a  bogie  or  walking  beam  assembly, 

220  Moment  of  inertia  of  Bogle  and  Beam  Assemblies 

A  separate  entry  for  the  moment  of  inertia  of  each  bogie  or  beam 
2 

assembly,  lb-sec  -in.  In  the  preceding  examples  of  the  six  wheels, 
there  would  be  two  entries  and  the  values  would  follow  in  the 
proper  sequence.  No  zero  entries  are  required  for  other  types  of 
suspensions. 

230  Bogie  and  Beam  Rotational  Damping 

This  is  a  value  required  for  each  bogie  and  beam  assembly  for  the 
frictional  damping  resisting  rotation.  It  represents  a  resisting 
moment  (lb-in.)  in  the  moment  equations.  The  sign  is  determined 
by  the  program  and  depends  on  the  sense  of  the  velocity.  No  zero 
entries  are  required  for  other  types  of  suspensions. 

NOTE:  The  following  two  lines  (numbers  240  and  250)  are  omitted  if 
vehicles  are  not  tracked. 
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240 


(hornet ry  of  Forward  Edge*  of  Track 

(First  Entry)  The  length  along  the  leading  portion  of  the  track 

measured  from  beneath  the  leading  road  wheel  to  the 
foremost  part  of  the  track,  in. 

(Second  Entry)  The  approach  angle  (angle  determined  by  a  horizontal 
line  beneath  the  leading  road-wheel  and  the  leading 
face  of  the  track) ,  deg. 

(Third  Entry)  Equivalent  spring  constant  (lb/in.)  determining  the 
track's  force-deflection  properties  measured  normal 
to  the  leading  face  of  the  track. 

250  Track  Tension 

A  separate  entry  for  each  spring  connecting  adjacent  road-wheels, 

1 b/in. 

NOTE:  The  number  of  springs  is  one  less  than  the  number  of 

road  wheels. 

260  Suspension  Force-Deflection  Relations 
.  This  portion  is  reserved  for  suspension  spring  force-deflection 
.  tables.  A  force-deflection  table  is  required  for  each  suspension. 

.  For  the  "no  unsprung  assembly"  case,  a  value  of  zero  in  the  number 
xxx  of  points  entry  is  the  only  requirement.  The  format  is  as  follows: 
The  first  line  of  each  table  is  a  single  entry  specifying  the 
number  of  force-deflection  coordinates.  This  is  followed  by  as 
many  lines  as  needed  for  the  coordinate  values  progressing  from  the 
smallest  to  the  largest.  The  first  value  represents  the  deflection 
In  inches,  the  second  value  is  its  corresponding  force  in  pounds  each 
separated  by  commas.  An  example  for  a  force-deflection  relation 
defined  by  four  coordinates  is  as  follows: 

260  4 

261  -20,  -44330,  -10,  -1430,  10,  1430,  20,  44330 

The  first  coordinate  represents  a  deflection  of  -20  in.  and  a 
corresponding  force  of  -44330  lb. 

NOTE:  For  suspension  hysteresis,  the  table  for  increasing 

deflections  is  followed  by  a  table  of  force-deflection 
coordinates  for  decreasing  deflections.  This,  table  will 
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XXX 


yyy 


zzz 


be  distinguished  from  its  predecessor  by  an  entry  for  the 
number  of  coordinates  which  is  preceded  by  a  negative  sign. 
Suspension  Force-Velocity  Relations 

Tills  portion  is  reserved  for  suspension-damping  rate  tables  consist¬ 
ing  of  force-velocity  coordinates.  It  requires  the  same  format 
as  that  of  the  preceding  force-deflection  tables.  For  the  case  of 
no  viscous  damping,  or  "no-unsprung  assemblies,"  enter  a  zero 
value  for  the  number  of  coordinates. 

NOTE:  The  combined  total  number  of  coordinates  for  the  force- 

deflection  and  force-velocity  relations  must  not  exceed 
the  program  dimension  limit  of  400. 

Initial  Conditions 

Allows  entries  for  up  to  14  initial  displacements  (initial 
acceleration?  and  velocities  considered  zero).  The  initial  displace¬ 
ments  are  entered  in  the  following  sequence:  vertical  displace¬ 
ment  of  sprung  mass  center  of  gravity,  pitch  of  sprung  inass, 
vertical  displacements  of  suspension  assemblies,  bogie  and  beam 
rotational  displacements  in  the  order  indicated  in  line  200,  a 
zero  value  for  horizontal  displacement  of  sprung  mass  center  of 
gravity,  and  the  vertical  displacement  of  the  driver.  All  linear 
displacements  are  entered  in  inches,  all  angular  displacements 
in  radians. 

NOTE:  If  all  initial  condition  entries  are  omitted,  the  program 

automatically  computes  the  initial  conditions  prior  to 
each  simulation. 


Profile  Data 


Two  formats  are  currently  acceptable  for  inputting  profile 
data:  (a)  station  and  elevation  coordinates,  i.e.  x  and  y  data  pairs; 

and  (b)  elevation  only,  i.e.  only  y  data  implying  equal  spacing  of 
points.  The  profile  data  are  stored  in  a  data  file  in  free-form  format 
(one  x-y  or  one  y  value  per  line).  The  first  line  is  for  alphanumeric 
identification.  The  second  line  requires  only  one  entry.  If  this  entry 
is  a  zero,  the  data  following  this  line  are  in  terms  of  station  and 
elevation,  respectively:  however,  if  the  entry  is  non-zero  then  the 
value  is  the  spacing  (in  inches)  between  profile  points,  and  the  data 
following  this  line  are  in  terms  of  elevations  only.  The  first  line  of 
the  profile  data  file  is  assumed  to  be  alphanumeric  identification  (up 
to  72  characters).  All  stations  and  elevations  are  in  inches.  If  the 
first  elevation  is  a  non-zero  value,  the  data  are  automatically  offset 
by  that  value  so  that  the  first  point  is  zero.  Profile  station  zero  is 
referenced  to  the  center  beneath  the  first  wheel.  Allowances  for  the 
forward  protrusion  of  the  wheel  and  track  must  be  considered. 


Example: 

Station  and  Elevation  Data  Elevation  Data  Only 
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100 

110 

0. 

110 

120 

0. ,  0. 

120 

130 

1.,  0. 

130 

140 

2.,  3. 

140 

150 

Kings-Point  Course  6 

A. 

0. 

1. 

-2. 

3. 


115 


VALIDATION  OF  THE  AMC-71  MOBILITY  MODEL 


by 

B.  G.  Schreiner  and  W.  E.  Willoughby 

Abstract 


Tests  were  conducted  to  validate  and  evaluate  predictions  of 
vehicle  performance  derived  from  the  AMC-71  mobility  model  for  areal 
terrain.  Predicted  vehicle  performance  was  compared  to  measured  per¬ 
formance  derived  from  vehicle  tests  for  a  variety  of  areal  terrain  con¬ 
ditions  to  determine  prediction  accuracy.  Test  vehicles  used  in  all 
validation  tests  included  two  wheeled  vehicles  (M151,  M35A2  modified) 
and  three  tracked  vehicles  (M113A1,  M60  and  M48).  Priority  was  given  to 
validating  predictions  of  vehicle  performance  on  traverses  and  addi¬ 
tional  tests  were  conducted  to  validate  performance  predictions  in 
terrain  units  and  in  terrain  conditions  required  to  varify  individual 
relations  used  in  the  formulation  of  submodels. 

Analysis  of  relations  involved  in  the  submodel  and  single  terrain 
unit  tests  indicate  that  although  some  refinement  can  be  made,  in 
general,  the  power  train,  measured  surface  roughness,  soil  traction, 
slope,  visibility,  obstacle  spacing,  area  denied  and  single  tree  over¬ 
ride  relations  have  an  acceptable  prediction  accuracy.  The  data  also 
shows  marked  improvement  is  needed  in  the  simulated  surface  roughness, 
obstacle  override,  and  especially  in  the  maneuver  and  vegetation  rela¬ 
tions.  Consideration  should  be  given  to  include  relations  for  tree 
override  when  interference  occurs,  acceleration-deceleration  at  terrain 
unit  boundaries,  and  override  of  deformable  obstacles. 

Analysis  of  the  traverse  tests  data  showed  an  overall  relative 
deviation  of  30.1  percent  or  a  prediction  accuracy  of  69.9  percent. 
Results  of  the  traverse  tests  indicate  that  on  the  average,  predicted 
speeds  were  higher  than  measured  speeds  by  +2.9  mph  overall.  Therefore, 
study  and  revision  is  needed  in  some  areas  of  the  AMC-71  mobility 
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model  to  improve  prediction  accuracy.  Further  analysis  show  that  if  the 
simulated  surface  roughness  relations  used  throughout  this  study  are 
corrected  or  are  replaced  by  measured  relations  and  the  maneuver  rela¬ 
tions  were  corrected,  AMC-71  would  have  an  overall  speed  prediction 
accuracy  of  at  least  85  percent  lor  the  traverse  conditions  tested. 
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Introduction 


In  fiscal  year  1971,  a  unified  Army  Materiel  Command  (AMC)  ground 
mobility  research  program  was  implemented.  Capabilities  of  the  three 
laboratories  responsible  for  conducting  AMC  ground  mobility  research, 
the  U.  S.  Army  Tank-Automotive  Command  (TACOM),  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES),  and  the  U.  S.  Army  Engineer  Cold 
Regions  Research  and  Engineering  Laboratory  ^CRREL) ,  were  geared  to 
achieve  common  reals.  Review  of  military  requirements  for  vehicle 
mobility  data  indicated  a  common  need  for  an  objective  analytical  pro¬ 
cedure  for  quantitatively  assessing  off-road  vehicle  performance. 
Technology  developed  through  25  years  of  Army-sponsored  research,  along 
with  engineering  knowledge  of  fundamental  terrain-vehicle-driver 
interactions,  was  incorporated  into  a  first-generation  comprehensive 
computerized  analytical  ground  mobility  model  called  the  AMC-71  Mobility 
Model,  or  just  AMC-71.^  At  the  time  the  model  was  assembled  and  became 
functional,  the  need  for  validation  was  obvious.  Thus,  a  program  was 
initiated  in  1971  to  validate  off-road  relations  contained  in  AMC-71  by 
comparing  predicted  and  measured  performances  and  hopefully  to  produce 
results  leading  to  a  more  refined  second-generation  model. 

Vehicle  performance  in  terrain  at  any  instant  in  time  is  a  function 
of  vehicle  characteristics,  terrain  features  in  the  area  of  operation, 
and  driver  response.  Consequently,  the  individual  system  parameters 
potentially  involved  must  be  quantified  in  engineering  terms  for  calcu¬ 
lation  of  probable  vehicle  performance  as  governed  by  specific  terrain- 
vehicle-driver  interactions  (Table  1). 

Terrain  can  be  described  in  terms  of  measurable  factors  that  affect 
vehicle  responses.  Each  grouping  of  terrain  factors  that  quantifies  the 
terrain  into  a  specific  array  of  descriptors  forms  a  terrain  unit — 
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Table  1 

Terrain,  Vehicle,  Driver  Attributes  Characterized  in 
AMC-71  Mobility  Model  Data  Base 


Terrain 


Vehicle 


Surface  composition 
Type 
Strength 

Surface  geometry 
Slope 

Discrete  obstacles 
Roughness 
Vegetation 

Stem  size  and  spacing 
Visibility 


Geometric  characteristics 

Inertial  characteristics 

Mechanical  characteristics 

_ Driver  _ 

Reaction  time 
Recognition  distance 
Vertical  acceleration  limit 
Horizontal  acceleration  limit 


areal,  linear,  or  road — depending  on  the  basic  type  of  terrain  described. 

Although  linear  and  road  unit  predictions  are  important  aspects  of  AMC- 

71,  the  major  part  is  oriented  toward  predictions  in  areal  terrain.  The 

large  number  of  vehicle  and  terrain  parameters  involved  and  the  complex 

interactions  among  them  require  computation  of  single  terrain  feature- 

vehicle  interactions  that  comprise  the  submodels  that  make  up  the  areal 

terrain  module  of  the  off-road  model  of  AMC-71.  This  paper  summarizes 

2 

the  results  of  validating  that  module. 

Areal  Terrain  Module 

The  areal  terrain  units  are  characterized  by  measured  specific 
values  (or  class  intervals)  that  reflect  their  surface  composition, 
surface  areal  geometry,  and  vegetation.  Specific  parameters  measured 
for  such  characterization  are  listed  in  Table  2.  Specific  vehicle 
characteristics  comprise  the  vehicle  data  bank  for  the  module. 

Maximum  safe  vehicle  speeds  in  the  areal  units  are  calculated  by 
AMC-71  using  the  specific  terrain  measurements  described  above  as  input 
to  engineering  or  mathematical  relations.  These  relations  are  modeled 
to  predict  vehicle  performance  along  any  given  path  in  the  areal  terrain, 
or  to  accumulate  a  statistical  representation  of  vehicle  performance  in 
the  area  as  a  whole,  or  both.  In  predicting  vehicle  speed,  terrain 
units  are  generally  considered  homogeneous,  i.e.,  values  for  each  single¬ 
factor  measurement  are  considered  to  be  constant,  within  the  same  class 
range,  or  described  by  the  same  probability  distribution. 

The  basic  components  of  the  areal  terrain  module  are  a  series  of 
unique,  but  interconnected,  submodels  that  contain  basic  relations 
designed  to  model  specific  vehicle-terrain-driver  interactions. 

These  submodels  generally  use  established  theoretical  or  empirical 
relations,  relative  to  the  interactions  being  modeled,  which  are  coupled 
to  the  main  body  of  the  model  by  specific  subroutines  that  either  adjust 
or  modify  a  theoretical  vehicle  speed  or  force  for  the  effects  of 
terrain  variations  on  vehicle  performance.  The  submodels  are: 
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Table  2 


Content  of  Terrain  Data  Bank  for  Areal  Patch 
Or  Terrain  Unit  for  AMC-71 


Terrain  Factor 


Terrain  Factor  Family 


Off  Road 


Surface  Material 


Type - 

Mass  strength 
Wetness - 


Surface _ 

"Composition 


Slope  - 

Obstacle 

Approach  angle- 


Vertical  magnitude- 

Length - 

Width - 

Spacing - 


Spacing  type- 


Obstacle 

Geometry 


Surface 
-  Areal  — 
Geometry 


Surface  Roughness- 

Vegetation 

Stem  diameter  — 
Stem  spacing  — - 

Visibility - 


Vegetation 
Structure  ~ 


f-Vege 


tation- 


Areal 

Patch 
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a.  Power  train, 
t).  Soil  and  slope, 
c.  Visibility. 

ci .  Obstacle  geometry  traction,  avoidance,  and  override, 
e.  Vegetation  override,  impact,  and  avoidance. 
f_.  Maneuvering. 

£.  Acceleration-deceleration. 

Vehicle  dynamics  (surface  roughness  and  obstacle  height  versus  vehicle 
impact  speed)  is  a  separate  module  in  AMC-71;  however,  the  dynamics 
module  contained  therein  is  so  closely  related  to  those  in  the  areal 
terrain  module,  it  is  interfaced  with  the  areal  terrain  module  and  is 
included  in  this  paper. 

Terrain  and  vehicle  data  files  are  accessible  to  the  submodels  as 
needed.  The  logic  incorporated  into  AMC-71  performs  an  optimal  speed 
analysis  to  determine  the  minimum  calculated  vehicle  speed  in  the 
described  terrain  unit  as  limited  by  one  of  the  factors  comprising  the 
submodels  listed  above.  Following  the  optimal  speed  analysis,  the 
predicted  minimum  speed  and  the  nature  of  the  controlling  immobilization 
(if  it  occurred)  and  speed  factor  are  output  for  each  described  terrain 
unit.  Immobilization*  and  speed-limiting  factors  that  control  predic¬ 
tions  are: 

a^.  Factors  governing  immobilization: 

(1)  Surface  strength  less  than  vehicle  cone  index  for  one 
pass  (factor  1). 

(2)  Available  traction  less  than  surface  and  slope 
resistances  (factor  2). 

(3)  Obstacle  interference  (factor  3). 

(4)  Available  traction  less  than  total  resisting  forces 
(factor  4). 

lb.  Speed-limiting  factors: 

(1)  Surface  roughness  (factor  5). 

(2)  Combination  of  surface  and  slope  resistances 
(factor  6) . 

*  See  Appendix  A  for  definition  of  vehicle,  soil,  and  mathematical 
terms . 
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(3)  Visibility  (factor  7). 

(4)  Maneuvering  (factor  8). 

(5)  Combination  of  all  resisting  forces  (surface,  slope, 
obstacle,  and  vegetation)  (factor  9). 

(6)  Acceleration-deceleration  between  obstacles 
(factor  10). 

Test  Program 

Tests  conducted 

Field  tests  were  conducted  with  two  wheeled  and  three  tracked 
vehicles  at  five  locations  where  accessibility,  variations  in  terrain, 
and  support  were  available.  Speed  tests  were  conducted  over  selected 
single  terrain  units  and  over  traverses  at  each  location.  In  addition, 
the  vehicles  were  tested  on  specific  test  lanes  to  derive  data  from 
drawbar-pull,  motion-resistance,  and  slope-climbing  tests,  and  at 
specific  sites  to  examine  obstacle  deformation,  area  denied  by  obstacles 
in  terrain  units,  and  tree  override.  Also,  data  derived  from  laboratory 
tests  in  another  test  program  with  two  scale-model  vehicles,  an  M35A2 
(wheeled)  and  an  M60  (tracked),  were  analyzed  to  study  traction  and 
obstacle  negotiations. 

Test  sites 

To  validate  the  performance  predictions  from  AMC-71  satisfactorily, 
a  variety  of  sites  in  which  to  conduct  tests  was  sought.  Test  sites 
were  finally  selected  at  Fort  Sill,  Oklahoma;  Yuma  Proving  Ground, 
Arizona;  Eglin  Air  Force  Base,  Florida;  Houghton,  Michigan;  and  Fort 
Knox,  Kentucky.  These  locations  are  identified  in  the  balance  of  this 
report  as  FS,  YPG,  EAFB,  HTN,  and  FK,  respectively.  Detailed  terrain 
data  were  collected  at  the  time  of  the  tests  at  each  test  location. 
Vehicle  and  drivers 

The  two  wheeled  vehicles  (an  M151  1/4-ton  truck  and  a  modified 
M35A2  2-1/2-ton  truck)  and  the  three  tracked  vehicles  (an  M113A1  armored 
personnel  carrier,  an  M48  tank,  and  an  M60  tank)  used  in  the  field  tests 
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are  shown  In  Figure  1.  The  modification  of  the  M35A2  truck  consisted  of 
replacing  the  9.00-20  tires  with  11.00-20  tires  in  single-tandem  rear 
wheels.  (When  the  M35A2  truck  is  discussed  in  the  balance  of  this 
paper,  it  is  to  be  understood  that  it  is  the  modified  version.)  The 
primary  tracked  vehicles  were  to  have  been  the  M113A1  and  the  M60; 
however,  when  the  M60  was  unavailable,  the  M48  was  used  as  an  acceptable 
alternative  vehicle.  (The  M60  was  available  at  only  one  of  the  five 
test  locations.) 

The  test  vehicles  were  maintained  in  the  best  mechanical  condition 
possible  to  ensure  peak  vehicle  performance.  To  minimize  variations  in 
driving,  test  personnel  (driver  and  navigator)  experienced  in  cross¬ 
country  testing  and  completely  familiar  with  the  operation  of  the  test 
vehicles  were  used.  It  is  emphasized  that  for  the  measured  speed  to  be 
comparable  with  the  speed  predicted  with  AMC-71,  the  driver  must  operate 
the  vehicle  at  its  maximum  safe  speed. 

Validation 


Data  collected  in  single-terrain  tests  or  tests  on  specially 
selected  test  courses  were  used  to  validate  the  areal  terrain  module 
submodels.  Five  numerical  evaluation  parameters  were  selected  to  obtain 
deviations  of  measured  performances  from  performances  predicted  with 
AMC-71. 

a.  Range  of  deviation. 

_b .  Mean  algebraic  deviation. 
c_.  Mean  absolute  deviation. 
cL  Relative  deviation, 
e^  Root  mean  square  deviation. 

The  submodels  previously  listed,  except  for  acceleration-deceleration, 
were  considered  for  detailed  validation  or  evaluation  for  deficiencies. 

The  vehicle  (ride)  dynamics  module  was  also  examined. 

Some  comments  concerning  certain  submodels  and  their  relations  are 
appropriate.  From  the  outset  of  the  validation  program,  weaknesses  were 
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known  to  exist  in  some  areas  of  the  model,  namely  In  the  ride  dynamics 
module  and  the  acceleration-deceleration  submodel.  However,  ride 
dynamics  is  an  on-going  major  research  effort  designed  to  obtain  a 
sufficient  data  base  for  revisions  or  restructure  of  vehicle  speed 
relations  as  controlled  by  surface  roughi  ess  and  obstacle  heights. 
Methodology  used  in  formulating  AMC-71  did  not  consider  acceleration- 
deceleration  capabilities  of  vehicles  with  regard  to  speed  adjustments 
at  the  terrain  unit  boundaries.  Only  in  those  terrain  units  containing 
significant  obstacles  does  AMC--71  consider  these  capabilities  of  a 
vehicle.  In  these  cases  only,  a  portion  of  the  obstacle  submodel  (to  be 
discussed  later  in  this  pa ser) ,  which  contains  an  acceleration- 
deceleration  subroutine,  will  alternately  permit  acceleration  to  a  point 
between  obstacles  (based  on  the  soil  strength)  then  deceleration  to 
contact  with  the  next  obstacle.  The  need  for  an  accurate  acceleration- 
deceleration  subroutine  to  account  for  terrain  unit  edge  effects  became 
apparent  as  a  result  of  the  traverse  testing  m  this  program.  Further¬ 
more,  certain  coupling  actions  that  take  place  within  the  model  are 
simply  not  field  testable  on  an  individual  basis.  For  example,  measure¬ 
ment  of  all  resisting  forces  acting  on  a  vehicle  at  a  particular  instant 
of  time  during  a  cross-country  test  is  a  near  impossibility.  Conse¬ 
quently,  no  testing  was  directed  toward  measurement  of  the  "combination 
of  resisting  forces."  Instead,  action  was  directed  toward  validating  or 
analyzing  each  force  that  creates  resistance  with  the  understanding  that 
proper  modeling  of  these  forces  should  produce  an  acceptable  summation 
of  the  total  resistance  acting  on  the  vehicle  at  any  increment  of  time 
during  cross-country  operation. 

Power  Train  Submodel 


This  submodel  is  designed  to  accept  basic  vehicle  data  input  and 
produce  a  theoretical  tractive  force-speed  curve  for  the  vehicle.  This 
curve  is  assumed  to  represent  the  best  possible  performance  of  the 
vehicle  at  zero  wheel  or  track  slip  and  is  later  adjusted  in  AMC-71 
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according  to  a  desired  soil  strength.  If  all  power  losses  within  the 
drive  train  are  correctly  appraised,  the  theoretical  curve  should  match 
the  curve  developed  from  tests  on  hard  surfaces.  Also,  an  option  is 
available  in  AMC-71  to  bypass  the  power  train  submodel  if  pavement  draw¬ 
bar  pull-speed  curves  and  motion  resistance-speed  curves  are  available 
from  reliable  tests;  these  curves  may  be  summed  to  obtain  the  tractive 
force-speed  curve. 

Using  the  M60  as  an  example.  Figure  2  shows  that  the  theoretical 

curve  (predicted)  derived  from  the  power  train  submodel  is  nearly  the 

same  as  the  curve  derived  from  pavement  (measured)  at  Aberdeen  Proving 
3 

Ground.  Using  an  overall  efficiency  adjustment  of  0.81  for  the  wheeled 
vehicles  and  0.90  for  the  tracked  vehicles,  the  output  of  the  power 
train  submodel  is  considered  acceptable.  More  precise  agreement  could 
be  obtained  if  all  frictional  power  losses  were  modeled  for  each  vehicle; 
however,  losses  at  all  points  in  the  power  train  are  seldom  measured  or 
published,  and  consequently,  modeling  of  these  losses  for  a  particular 
vehicle  would  be  difficult.  Therefore,  generalizations  of  available 
data  indicate  that  at  the  present  the  method  of  development  of  the  power 
train  curve  is  acceptable. 

Soil  and  Slope  Submodels 


Drawbar-pull  (a  measure  of  traction),  motion-resistance,  and  slope¬ 
climbing  tests  were  conducted  during  the  field  program.  The  predicted 
vehicle  performances  for  these  tests  are  based  on  the  traction  force 
relations  of  the  AMC-71  soil  and  slope  submodels. 

Drawbar-pull  tests 

Drawbar  pull  divided  by  vehicle  weight  (drawbar-pull  coefficient, 
D/W)  versus  wheel  or  track  slip  for  each  test  was  plotted,  and  curves  of 
best  visual  fit  were  drawn  through  the  data  points.  Results  of  previous 
studies  have  indicated  that  the  optimum  drawbar  pull  for  most  vehicles 
consistently  occurs  at  about  20  percent  wheel  or  track  slip  (40  percent 
slip  for  tracked  vehicles  on  coarse-grained  soil).  Therefore,  the 
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Figure  2.  Tractive  Force  vs  Speed  For  the  M60 
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drawbar-pull  coefficient  at  20  percent  slip  (40  percent  slip  for 
tracked  vehicles  on  coarse-grained  soil),  which  can  be  predicted  with 
the  AMC-71  soil  submodel,  has  been  found  to  be  a  meaningful  parameter 
for  comparing  vehicle  performance.  Analysis  of  these  tests,  by  vehicle, 
using  the  five  evaluation  parameters  previously  listed  indicate  the 
following : 


Numerical 

Evaluation 

Parameters 

No. 

of 

Tests 

Vehic le 

Range  of 
Deviation 
D/W 

Mean 

Algebraic 
Deviat ion 
D/W 

Mean 

Absolute 

Deviation 

D/W 

Relative 

Deviation 

% 

Root  Mean 
Square 
Deviation 
D/W 

Fine-Grained 

Soil,  FS 

7 

M151 

-0.04  to 
0.11 

0.02 

0.04 

11 

0.05 

6 

M35A2 

0  to 

0.08 

0.03 

0.03 

7 

0.04 

8 

M113A1 

-0.12  to 
0.01 

-0.02 

0.02 

4 

0.04 

7 

M48 

-0.04  to 
0.05 

0.01 

0.03 

6 

0.03 

Coarse 

-Grained  Soil,  YPG  and 

EAFB 

4 

M151 

-0.03  to 
0.07 

0.02 

0.05 

13 

0.05 

7 

M35A2 

-0.16  to 
0.09 

-0.04 

0.09 

25 

0.10 

8 

M113A1 

-0.09  to 
0.15 

0.03 

0.08 

16 

0.09 

2 

M60 

-0.10  to 
-0.01 

-0.06 

0.06 

10 

0.07 

The  weighted  average*  relative  deviation  for  all  vehicles  in  the 
fine-grained  soil  tests  was  7  percent,  or  13  percent  less  than  the 
maximum  deviation  of  20  percent  considered  acceptable  for  prediction 

*  Weighted  average  _  X  No.  of  Tests  x  Relative  Absolute  Deviation 
of  deviations  Total  No.  of  Tests 
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accuracy  for  AMC-71.  Consequently,  although  the  number  of  tests  is 
limited,  the  drawbar-pull  data  indicate  good  prediction  accuracy  for 
fine-grained  soil.  The  weighted  average  relative  deviation  for  all 
vehicles  in  the  coarse-grained  soil  tests  was  17.9  percent,  indicating 
acceptable  prediction  accuracy.  The  greatest  relative  deviation  for  the 
test  vehicles  occurred  in  tests  with  the  M35A2,  which  was  5  percent 
above  the  acceptable  20  percent  prediction  error.  The  coarse-grained 
soil  relations  in  AMC-71  were  primarily  developed  from  tests  on  clean 
sands  (SP  according  to  the  Unified  Soil  Classification  System,  USCS); 
whereas  most  of  the  validation  tests,  although  on  coarse-grained  soil, 
were  on  silty  sands  (SM) .  The  difference  in  the  two  soils,  both  coarse¬ 
grained,  undoubtedly  affected  the  predictions  to  some  extent.  For  this 
reason  greater  deviations  are  to  be  expected  in  coarse-grained  soil 
results  than  in  the  fine-grained  soil  results.  These  data  then  indicate 
that  some  refinement  is  needed  in  the  coarse-grained  soil  relations  to 
account  for  different  types  of  coarse-grained  soils. 

Motion-resistance  tests 

Motion  resistance  of  each  vehicle  was  measured  in  each  terrain  unit 
in  conjunction  with  the  drawbar-pull  tests.  In  addition,  six  motion- 
resistance  tests  were  conducted  in  a  vegetation  override  area  at  EAFB. 
Motion-resistance  coefficients  (motion  resistance  divided  by  vehicle 
weight  MR/W)  were  computed.  Analyses  of  these  tests,  by  vehicle,  using 
the  five  evaluation  parameters,  show  the  following: 
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Numerical  Evaluation  Parameters 


No. 

of 

Tests 

Vehicle 

Range  of 
Deviat ion 
MR/W 

Mean 

ALgebraic 
Deviat ion 
MR/W 

Mean 

Absolute 
Dev  Lat ion 
MR/W 

Relative 

Deviation 

% 

Root  Mean 
Square 
Deviat ion 
MR/W 

Fine-Grained 

Soil,  FS 

7 

Ml  51 

-0.05  to 

0 

-0.01 

0.01 

7 

0.02 

6 

M35A2 

-0.01  to 

0 

-0.003 

0.003 

0.3 

0 

8 

Ml  13 

-0.02  to 
0.01 

-0.004 

0.009 

5 

0.01 

7 

M48A3 

-0.05  to 
0.01 

-0.007 

0.01 

5 

0.02 

Coarse 

-Grained  Soil.YPG  and 

EAFB 

9 

Ml  51 

-0.03  to 
0.04 

0 

0.02 

26 

0.03 

8 

M35A2 

-0.02  to 
0.03 

0.008 

0.13 

18 

0.02 

8 

M113A1 

0  to 

0.04 

0.02 

0.02 

30 

0.03 

2 

M60 

0.03  to 
0.04 

0.04 

0.04 

54 

0.04 

The  weighted  average  relative  deviation  for  all  vehicles  from  the 
fine-grained  soil  tests  was  4  percent.  Although,  the  number  of  tests  is 
limited,  the  MR/W  data  indicate  good  correlation  between  measured  and 
predicted  values  for  fine-grained  soil.  The  weighted  average  relative 
deviation  for  all  vehicles  from  the  coarse-grained  soil  tests  was 
32  percent,  or  12  percent  over  the  acceptable  prediction  error.  A 
greater  deviation  is  to  be  expected  in  coarse-grained  soil  results  than 
in  the  fine-grained  soil  results  for  reasons  previously  discussed. 
Results  again  indicate  that  refinement  is  needed  in  the  coarse-grained 
soil  relations. 
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Slope-climb  ins  tests 

Slope-climbing  tests  in  terms  of  go  or  no-go  were  conducted  at  YPG 
on  coarse-grained  soil.  A  summary  of  test  results  is  shown  in  the 
following  tabulation. 


Number 

of  Tests 

Vehicle 

Total 

Measured 

Go 

Measured 

No-Go 

Predicted  Go, 
Measured 
No-Go 

Predicted 

No-Go 

Measured  Go 

Ml  51 

30 

13 

17 

0 

4 

M35A2 

(mod) 

28 

11 

17 

5 

2 

M113A1 

26 

20 

6 

6 

0 

M60 

6 

2 

4 

4 

0 

The  30  tests  with  the  M151  were  conducted  on  gravel  and  sand  slopes 
with  average  tire  inflation  pressures  of  7.5,  15,  30,  and  40  psi.  The 
slopes  ranged  between  8.5  and  43.0  percent  (with  a  cone  index  range 
between  17  and  527).  The  28  tests  with  the  M35A2  were  conducted  on 
gravel  and  sand  slopes  with  average  tire  inflation  pressures  of  10,  15, 
and  30  psi.  The  slopes  ranged  between  8.5  and  43.0  percent,  with  a 
range  in  soil  strengths.  A  detailed  analysis  of  the  test  results  indi¬ 
cates  generally  good  agreement  between  predicted  and  measured  go-no  go 
performance  for  the  wheeled  vehicles,  except  for  the  M35A2  on  slopes 
where  soil  strength  was  low;  these  predictions  appear  slightly  optimis¬ 
tic.  Seven  gravel  slopes  on  which  the  M113A1  was  tested  ranged  from 
40.9  to  61.8  percent.  The  predicted  maximum  slope  negotiable  for  the 
M113A1  was  69  percent  whereas  the  measured  data  indicate  that  the  maxi¬ 
mum  slope  negotiable  was  approximately  58  percent,  giving  a  19  percent 
deviation.  Nineteen  sand  slopes  tested  ranged  from  12.1  to  49.7  percent 
(with  a  cone  index  range  between  17  and  461).  The  maximum  slope  negoti¬ 
able  was  predicted  to  be  69  percent;  the  measured  data  indicated  a 
maximum  negotiable  slope  of  40  percent,  producing  a  73  percent  deviation. 
Four  gravel  slopes  tested  with  the  M60A1  ranged  from  46.1  to  52.8  per¬ 
cent.  The  data  show  that  maximum  slope  negotiable  was  predicted  ar 
69  percent;  the  measured  was  47  percent,  producing  a  47  percent  deviation. 
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Only  two  sand  slopes  wore  tested- -a  go  test  on  a  slope  of  32.3  percent, 
and  a  no-go  test  on  a  slope  of  33.3  percent.  The  maximum  slope  negotiable 
was  predicted  at  69  percent;  the  measured  was  33  percent,  producing  a 
109  percent  deviation.  For  the  tracked  vehicles,  the  results  of  the 
field  tests  indicate  poor  correlations  between  predicted  and  measured 
slope-climbing  results.  The  correlations  probably  would  be  improved  by 
including  a  parameter  to  better  account  for  strength  changes  in  coarse¬ 
grained  soil  in  the  tracked  vehicle  relations  in  AMC-71.  Therefore, 
study  and  revision  of  these  relations  are  needed. 

V isibility  Submodel 

In  AMC-71  the  visibility  submodel  considers  the  effect  on  the 
driver  of  obscuration  by  vegetation  and,  consequently,  the  effect  on 
vehicle  speed.  The  submodel  is  currently  based  on  the  premise  that  in 
any  terrain  situation  there  is  a  practical  limit  imposed  upon  the  speed 
a  vehicle  may  safely  achieve:  The  vehicle  should  at  no  time  exceed  that 
speed  at  which  the  driver  can  recognize  a  menacing  obstacle  and  be  able 
to  stop  his  vehicle  in  time  to  avoid  hitting  it.  The  factors  considered 
in  this  submodel  are  velocity,  driver  reaction  time,  braking  coefficient, 
stopping  distance,  and  recognition  distance.  Predicted  vehicle  speed 
relies  heavily  upon  and,  for  the  most  part,  is  limited  by  recognition 
distance.  Driver  reaction  time  and  braking  coefficient  used  in  the 
visibility  submodel  were  originally  developed  from  actual  test  data  and 
were  found  to  be  essentially  unchanged  in  these  preliminary  validation 
tests . 

Detailed  investigation  of  the  test  data  showed  that  in  only  33  of 
the  487  terrain  unit  tests  considered,  or  7  percent  of  the  total,  did 
the  test  driver  exceed  the  maximum  speed  predicted  by  the  visibility 
submodel.  However,  in  these  33  tests  measured  speed  was  generally  low 
(less  than  20  mph  in  22  of  the  33),  and  except  for  one  test,  all  speeds 
were  within  5  mph  of  predicted  speeds.  Further,  the  driver  did  not  hit 
any  dangerous  obstacles  in  these  tests,  but  if  he  had,  theoretically  he 
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should  have  been  able  to  slow  the  vehicle  to  at  least  5  mph  before  it 
hit;  at  this  speed  the  driver  probably  would  not  have  been  injured  nor 
the  vehicle  damaged  to  the  point  of  immobilization.  Considering  that 
measured  vehicle  speed  controlled  by  visibility  is  purely  a  driver's 
decision,  these  test  data  indicate  that  in  AMC-71  the  method  used  to 
determine  recognition  distance  for  the  terrain  and  the  visibility  rela¬ 
tion  predicts  a  practical  maximum  speed  that  compares  reasonably  well 
with  the  maximum  speed  an  expert  cross-country  driver  would  actually  be 
willing  to  travel. 

Since  natural  potholes  seldom  occur,  the  recognition  distance  and 
vehicle  speed  prediction  with  AMC-71  at  present  do  not  account  for  the 
pothole  type  of  terrain  feature  in  the  visibility  submodel.  Potholes, 
large  and  deep  enough  to  immobilize  a  vehicle  or  to  injure  the  driver  if 
they  are  hit,  are  not  often  present  in  terrains  unless  man  puts  them 
there.  However,  in  terrains  where  menacing  potholes  are  known  to  exist, 
predicted  and  actual  speeds  are  presently  and  should  be  kept  to  walking 
speed. 


Obstacle  Submodels 


In  AMC-71  the  obstacle  and  vegetation  submodels  are  coupled  together. 
Forces,  speeds,  and  other  pertinent  data  are  calculated  in  each  submodel 
but  stored  for  use  as  required  by  the  coupling  program,  which  examines 
the  various  obstacle-vegetation-slope  combinations  possible  for  a  given 
terrain  input.  It  is  assumed  in  the  submodel  relation  that  all  of  the 
obstacles  are  rigid.  Immobilization  is  predicted  if  there  is  any  inter¬ 
ference  at  any  time  during  the  complete  passage  of  the  vehicle  over  an 
obstacle.  The  normal  output  from  the  obstacle  submodel  is  either  an 
interference,  caused  by  obstacle-vehicle  interaction  or  insufficient 
traction,  or  a  speed  at  which  the  vehicle  can  cross  the  obstacle. 

If  interference  occurs,  vehicle  speed  is  set  equal  to  zero  and  a  no-go 
situation  is  predicted. 
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Scale-model  vehicle  tests 
over  rigid  obstacles  _ 

Tests  were  conducted  with  a  scale-model  M60  and  a  scale-model  M35A2 
over  a  range  of  convex  and  concave  obstacles  having  a  range  of  surface 
traction  coefticients  between  0.  Id  and  0.53.  Test  results  on  a  go-no  go 
basis  are  summarized  in  Lhe  following  tabulation. 


Number  of  Tests 

Vehicle 

Total 
Number 
of  Tests 

Measured 

do 

Measured 

No-Go 

Predicted  Go 
Measured , 
No-Go 

Predicted 
No-Go, 
Measured  Go 

M35A2 

133 

62 

71 

29 

0 

>160 

66 

42 

24 

1 

16 

Analysis  of  test  results  with  the  M35A2  indicate  that  geometric 
configuration  and  shape,  along  witli  traction,  are  important  in  deter¬ 
mining  go-no  go  performance  with  wheeled  vehicles  on  obstacles  where  the 
obstacle  approach  angle  is  between  110  and  250  degrees.  Results  show 
that  in  29  of  the  133  tests  conducted,  go  performance  was  predicted  and 
no-go  was  actually  measured.  The  reason  for  the  no-go  in  13  tests  was 
vehicle  hang-up,  and  in  the  other  16  tests,  the  reason  for  no-go  was 
lack  of  traction.  These  results  indicate  that  in  some  cases  predictions 
of  vehicle  performance  are  too  optimistic. 

Results  of  scale-model  rigid  obstacle  tests  with  the  M60  indicate 

very  little  effect  of  obstacle  geometry  on  vehicle  performance.  No 

hang-ups  occurred  while  the  vehicLe  was  crossing  these  obstacles.  All 

no-go  conditions,  predicted  and  measured,  were  caused  by  insufficient 

traction.  Based  on  the  large  number  of  obstacle  configurations  used  in 

these  tests,  it  appears  from  the  results  that  the  problem  of  obstacle 

interference  for  tracked  vehicles  is  negligible. 

Field  obstacle  tests, 
deformable  obstacles 

Obstacle-crossing  tests  were  conducted  at  YPG  and  FK  in  terrain 
where  natural  erosional  processes  had  created  dry  streambeds  with  banks 
that  had  different  step  heights.  Tests  were  conducted  at  YPG  with  the 
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Ml“il  and  at  FK  with  t  hf  M113A1  to  obtain  data  on  concave  obstacles  in 
which  the  vehicle  deformed  the  sides  ol  the  obstacles  during  vehicle 
e  ross ings . 

Results  predicted  with  AMC-71  and  measured  results  of  obstacle 
tests  at  YPG  and  FK  are  as  follows: 


Number  of  Tests 

Vehicle 

Total 
Number 
of  Tests 

Measured 

Go 

Measured 

No-Go 

Predicted  Go, 
Measured 
No-Go 

Predicted 
No-Go, 
Measured  Go 

Ml  51 

11 

6 

5 

0 

6 

M113A1 

6 

1 

5 

0 

4 

In  the  field  tests  with  the  M151  and  Ml  1 3 A 1  that  produced  measured 
go  results,  but  no-go  was  predicted,  go  results  were  generally  the 
result  of  deformation  of  the  obstacle  and  deflection  of  the  vehicle 
suspension  system.  Since  obstacle  deformation  is  not  considered  in  AMC- 
71,  the  disagreement  between  measured  and  predicted  results  in  these 
tests  was  to  be  expected.  Nine  predicted  no-go’s  that  were  measured 
go's  also  occurred  in  terrain  units  at  FS  and  YPG  with  tracked  vehicles. 
These  no-go's  again  point  to  the  conservatism  of  the  obstacle  submodel 
predictions  for  tracked  vehicles.  In  summary,  the  obstacle  override 
submodel  generally  overstates  the  hang-up  problem  relative  tc  tracked 
vehicles  negotiating  obstacles.  More  traction  checks  appear  necessary 
for  adequate  prediction  of  vehicle  perfo:  rnce,  and  more  tests  are 
required  to  develop  and  improve  the  interference  relations  for  wheeled 
vehicles  in  the  obstacle  submodel. 

A r ea  denied  by  obstacles 

Important  to  AMC-71  predictions  is  the  percentage  of  area  of  a 
terrain  denied  to  a  vehicle  by  obstacles.  The  basic  equations  in  AMC-71 
were  derived  from  tests  that  showed  that  percentages  greater  than 
50  percent  usually  produced  a  no-go  condition  (more  than  half  the  area 
was  not  usable);  whereas  percentages  less  than  10  percent  seemed  to  have 
little  or  no  effect  on  vehicle  performance. 
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Tests  were  conducted  with  tlie  Ml  51,  the  M35A2,  and  the  M 1 1 3 A 1 .  The 


predicted  minimum  obstacle  spacings  required  for  the  vehicles  to  cir- 
oumvent  all  obstacles  of  a  terrain  unit  were:  for  the  M151,  7.8  ft;  for 
t!u'  M35A2,  12. t)  tt;  and  for  the  M113A1,  13.1  ft.  Results  of  some  of  the 
to: ts  are  as  fol lows: 

Mean 

Obstac le 
Spacing  in 
Terra  i n 


Un  i  t  s 

Ar 

on  Denied, 

2 

Measured  Speed, 

mph 

_ t_l 

Ml  51 

M35A2 

Mfl3_Al 

Ml  51 

M35A2 

M113A1 

3.5 

217.2 

477.2 

563.4 

No-go 

No-go 

No-go 

7.3 

AU.  6 

134.3 

139.0 

No-go 

No-go 

No-go 

13.7 

19.1 

41.4 

48.3 

19.2 

8.0 

9.8 

15.2 

15.6 

33.7 

39.7 

* 

12.4 

16.8 

8.8 

41.3 

92.9 

110.3 

2.3 

No-go 

No-go 

(No-go**) 


*  Ml  5 1  was  unavailable  for  testing  because  of  mechanical  failure. 

**  M151  completed  initial  run  at  2.3  mph  by  constantly  maneuvering  or 

reversing  direction.  Three  more  attempts  to  complete  a  test  using 
different  paths  were  unsuccessful. 

’ihe  results  of  the  five  tests  shown  above  seem  to  bear  out  the  50  per¬ 
cent  and  10  percent  limits.  For  example,  the  M151  was  unable  to  com¬ 
plete  a  test  in  which  60.6  percent  of  the  area  was  denied,  but  was  able 
to  just  complete  a  test  in  which  41.3  percent  of  the  area  was  denied. 
Also,  results  show  the  M151  completed  a  test  in  an  area  denied  of 
19.1  percent  at  19.2  mph,  but  could  not  negotiate  the  terrain  unit  at 
25  mph  because  this  speed  was  too  fast  to  allow  maneuvering.  It  appears 
likely  that  an  area  denied  of  less  than  10  percent  would  not  affect 
vehicle  speed.  With  some  extrapolation,  the  general  trend  of  the  results 
of  the  M15A2  and  M113A1  tests  would  indicate  similar  agreement. 

Analysis  of  all  test  results  indicate  that  the  present  relations  in 
AMC-71,  provide  acceptable  results  for  consideration  of  the  effects  of 
area  denied  on  vehicle  performance.  Further  analysis  of  these  effects 
on  vehicle  performance  will  be  discussed  under  the  vegetation  and  maneu¬ 
vering  submodels,  which  follow. 
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Vegeta t  ion  Suhmotl e  1_ 


The  vegetation  submodel  contains  relations  associated  with  optimi¬ 
zation  of  forces  or  speeds  from  other  submodels.  Tests  were  conducted 
to  validate  significant  relations  of  peak  tree-override  forces  and 
quantity  of  work  required  to  override  single  and  multiple  trees,  and  the 
maximum  single  stem  diameter  each  vehicle  was  capable  of  overriding. 
Tree-ov i Tride  tes ts 

Test  results  indicate  that  although  the  predicted  and  measured 
values  shown  for  the  single-tree  tests  establish  no  definite  pattern 
relative  to  each  other  when  plotted  on  1:1  plots  as  shown  in  the  example 
in  Figure  3,  the  data  scatter  is  no  greater  than  the  scatter  of  data 
used  to  develop  the  original  relations.  The  original  results  and  these 
data  indicate  that  the  growth  of  individual  trees  is  a  function  of  their 
environment  and,  consequently,  individual  trees  of  the  same  size  and 
species  at  the  same  geographic  location  and  in  the  same  soil  type  do  not 
necessarily  exhibit  the  same  test  behavior.  Nevertheless,  the  relations 
now  used  generally  produce  predictions  that  are  considered  adequate  for 
all  sizes  and  species  of  trees  pertinent  to  vehicle  operation.  However, 
results  of  further  tests  and  study  may  indicate  refinement  can  be  made 
to  the  tree-override  relations  to  produce  more  accurate  predictions. 

AMO 71  relations  governing  vegetation  override  and  maneuvering 
assume  the  vehicle  driver  would  override  trees  up  to  the  maximum  stem 
size  that  the  vehicle  was  capable  of  overriding,  after  which  he  would 
begin  to  maneuver  around  those  trees  larger  than  the  maximum.  To 
determine  the  validity  of  this  assumption,  all  trees  overridden  in  each 
terrain  unit  were  recorded  for  each  vehicle  test.  Although  the  quantity 
of  trees  overridden  decreased  as  diameter  increased,  in  none  of  these 
tests  did  the  vehicle  override  a  tree  equal  to  the  maximum  diameter 
negotiable.  In  most  tests  the  driver  usually  maneuvered  around  trees 
larger  than  5  to  6  in.  in  diameter  with  the  larger  vehicles  and  trees 
more  than  3  in.  in  diameter  with  the  M151.  As  vehicle  size  increased, 
however,  the  larger  the  stem  size  overridden  increased,  probably  because 
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Figure  3.  Eglin-Houghton  single-tree  override  test9 
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of  the  increased  feeling  of  security  experienced  by  the  driver  with  the 
larger  vehicles.  However,  the  driver  apparently  felt  that  on  most 
occasions  it  was  faster  to  maneuver  around  than  to  override  larger 
trees.  The  important  result  derived  from  the  tree-override  tests  was 
that  the  assumption  made  in  AMC-71  that  the  driver  will  override  up  to 
the  maximum  diameter  negotiable,  then  maneuver,  is  invalid  in  cross¬ 
country  operation.  Further  testing  is  in  order,  therefore,  to  allow 
correct  modeling  of  vehicle-driver  interreaction  in  forested  terrain. 
Observation  in  forested  terrain 

An  important  aspect  not  considered  in  AMC-71  was  observed  during 
the  conduct  of  tests  at  some  of  the  forested  sites  where  trees  were 
closely  spaced.  In  both  single-  and  multiple-tree-override  tests  in 
forested  terrains,  one  of  the  main  factors  in  determining  measured 
vehicle  speed  where  override  was  necessary  was  the  influence  of  sur¬ 
rounding  vegetation  on  the  falling  tree  or  trees.  Frequently,  in  those 
terrains  where  tree  spacing  was  close,  trees  being  overridden  fell  into 
the  surrounding  trees  and  lodged  off  the  ground  making  it  much  more 
difficult  for  the  vehicle  to  ove*-*-ide;  in  such  cases  the  vehicle  would 
usually  continue  up  onto  the  trees  until  override  was  completed  or  the 
traction  elements  no  longer  contacted  the  ground  surface.  Accordingly, 
sufficient  vegetation  testing  should  be  conducted  to  produce  a  data  base 
for  development  of  relations  that  will  model  interference  from  other 
trees  in  cross-country  operation  in  forested  terrains. 

Maneuvering  Submodel 

Though  used  as  a  coupling  routine  in  AMC-71,  the  maneuvering  sub¬ 
model  is  closely  associated  with  parts  of  the  obstacle  and  vegetation 
submodels.  The  maneuvering  submodel  itself  considers  only  two  variables 
(mean  obstacle  spacing  and  area  denied)  and  merely  adjusts  the  minimum 
of  the  speeds  from  soil,  slope,  ride  dynamics,  and  visibility  to  account 
for  vehicle  maneuvering  required  to  avoid  vegetation  or  obstacles  too 
large  for  the  vehicle  to  override.  Based  on  the  predicted  and  measured 


speed  results  for  terrain-unit  tests  where  maneuvering  limited  predicted 
speed,  the  maneuvering  submodel  needs  to  be  improved.  Relative  devia¬ 
tions  for  wheeled  vehicles  in  maneuver  areas  were  114  percent,  whereas 
those  for  tracked  vehicles  were  somewhat  lower  at  44  percent.  The 
tesults  of  validation  tests  in  maneuver  areas,  which  show  the  average 
relative  deviation  to  be  88.8  percent,  indicate  that  the  maneuvering 
submodel  is  not  accurate  and  that  further  testing  should  be  conducted  to 
revise  this  important  cross-country  mobility  factor.  More  consideration 
should  be  given  to  the  actual  override  being  completed  rather  than  the 
possibilities  for  override,  and  the  maneuvering  equation  should  be 
revised  to  include  various  vehicle  attributes  that  affect  maneuverability. 

Vehicle  Ride*  Dynamics  Module 

The  ride  dynamics  module  computes  speed  at  which  a  vehicle  can 
traverse  discrete  obstacles  or  continuous  surface  roughness  without 
exceeding  specil ied  limiting  shock  or  vibration  criteria.  The  surface 
roughness  relation  consists  of  speed  values  corresponding  to  the  limit 
of  driver  tolerance  to  random  vibrations,  as  a  function  of  loot-mean- 
square  (rms)  terrain  profile,  elevation.  This  limiting  condition  is 
defined  in  terms  of  the  rate  at  which  power  can  reasonably  be  absorbed 
by  the  human  body.  The  present  criterion  used  in  the  dynamics  module 
for  driver  tolerance  limit  is  6  watts  of  absorbed  power.  However,  it 
became  evident  during  this  program  that  drivers  were  generally  willing 
to  maintain  speeds  that  produced  absorbed  power  levels  in  excess  of 
6  watts  (more  in  the  neighborhood  of  about  9  watts). 

The  obstacle  impact  relation  is  a  function  of  obstacle  height  - 
speed  at  which  a  vertical  acceleration  of  2.5  g's  is  experienced  at  the 
driver's  station  when  the  vehicle  encounters  discrete  obstacles.  This 
relation  is  used  with  the  obstacle  submodel.  The  simulation  of  vehicle 
dynamics  is  necessarily  complex,  requiring  detailed  vehicle  data.  In 
the  interest  of  expediency,  AMC-71  was  initally  programmed  for  the  five 
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Figure  4.  Speed  vs  surface  roughness  computer-simulated  data 


Summary  evaluation  of  Vehicle  Speed  Data,  Terrain-Unit  Tests 
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**  One  test  resulted  in  immobilization  due  to  factor 


2  4  6  fi  10 

SURFACE  ROUGHNESS  (RMS  ELEVATION),  IN. 

Figure  5.  Speed  vs  surface  roughness,  field-measured  data 


146 


validation  vehicles  only,  rather  than  for  tracked  and  wheeled  vehicles 
of  general  configuration.  (Since  the  completion  of  AMC-71,  however, 
generalized  digital  computer  models  have  been  established.)  In  accord¬ 
ance  with  the  scope  of  this  study,  the  ride  relations  determined  from 
the  initial  ride  dynamics  simulation  were  used  in  the  primary  comparisons 
between  predicted  and  measured  speeds. 

Predictions  based  on  simulated  relations 

The  computer-simulated  ride  relations  for  surface  roughness  (rms 
elevation  versus  speed)  shown  in  Figure  4  were  used  in  AMC-71  to  predict 
speeds  for  all  validation  tests. 

Results  of  terrain-unit  tests  in  which  surface  roughness  (factor  5) 
controlled  predicted  vehicle  speed  are  shown  in  Table  3.  The  relative 
deviations  for  t he  vehicles  are  somewhat  greater  than  the  acceptable 
limit  (20  percent),  indicating  improvement  is  needed. 

Predictions  based  on  measured  relations 

An  rms  elevation  versus  speed  curve  (Figure  5)  was  developed  for 
each  vehicle  based  on  the  measured  speed  results  in  32  terrain  units. 
These  are  tests  in  which  field  observations  during  the  test  and  driver 
and  navigator  comments  indicated  that  measured  vehicle  speed  was  prob¬ 
ably  limited  by  surface  roughness. 

The  relations  based  on  field-measured  data  were  put  into  the 
vehicle  characteristics  file  in  place  of  the  simulated  relations,  and 
new  speed  predictions  were  made  for  all  validation  tests  using  AMC-71. 

The  new  results  for  tests  wherein  surface  roughness  controlled  predicted 
vehicle  speed  are  shown  in  the  following  tabulation: 
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Numerical  Evaluation  Parameters 

No.  of 
Tests 

Vehicle 

Range  of 
Deviation 
mph 

Mean 

Algebraic 

Deviation 

mph 

Mean 

Absolute 

Deviation 

mph 

Relative 

Deviation 

X 

Root  Mean 
Square 
Deviation 
mph 

64 

HI  31 

-11.6  to 
15.1 

2.2 

4.4 

25.0 

5.6 

66 

M35A2 

-  6.1  to 
15.3 

1.6 

3.0 

20.1 

4.2 

42 

M113A1 

-  6.2  to 
5.1 

-0.8 

2.1 

11.7 

2.6 

9 

M48 

-  5.3  to 
13.1 

1.4 

3.8 

20.2 

5.2 

3 

M60 

-  1.3  to 
1.1 

-0.3 

1.1 

7.0 

1.1 

The  above  results,  when  compared  with  the  simulated  results,  show 
marked  improvement  in  AMC-71  prediction  accuracy  when  measured  speed 
versus  rms  elevation  relations  are  used.  The  data  show  that  the  rela¬ 
tive  deviation  for  each  vehicle  is  near  or  below  the  20  percent  limit, 
indicating  acceptable  prediction  accuracy. 

Single-Terrain-Unit  Speed  Tests 

Results  from  terrain-unit  speed  tests  in  this  study  were  analyzed 
for  traverse  terrain  units  longer  than  about  400  ft  and  for  single 
terrain  units  outside  the  traverses.  Results  of  the  terrain-unit  tests 
were  analyzed  according  to  the  factors  that  controlled  the  predicted 
speed  in  each  unit  for  each  vehicle. 

The  results  in  Table  3  indicate  that  the  factor  that  controlled 
speed  in  most  terrain  units  was  surface  roughness.  The  relative  devia¬ 
tions  for  the  vehicles  were  somewhat  greater  than  the  acceptable  limit 
(20  percent),  indicating  improvement  is  needed  in  surface  roughness 
modeling.  Surface  roughness  governed  the  predicted  speed  most  often  for 
the  wheeled  vehicles — the  M151  and  M35A2.  The  tracked  vehicle  speeds 
were  influenced  more  by  visibility  (factor  7),  maneuvering  (factor  8), 
and  combinations  of  all  resisting  forces  (factor  9).  The  data  indicate 


relatively  good  modeling  for  all  vehicles  in  terrains  in  which  predicted 
vehicle  speeds  were  limited  by  combined  surface  and  slope  resistances 
(factor  6).  For  factor  6,  relative  deviations  for  the  M151,  M113A1,  and 
M60  were  less  than  the  20  percent  deviation  limit  considered  acceptable 
in  this  analysis.  Results  for  the  tracked  vehicles  were  also  acceptable 
for  those  terrains  in  which  visibility  in  the  terrain  unit  (factor  7) 
limited,  the  predicted  speeds.  However,  relative  deviations  for  the 
wheeled  vehicles  in  these  units  exceeded  32  percent. 

The  most  glaring  deficiency  in  the  model  is  in  the  vegetation  sub¬ 
model.  Predicted  speeds  generally  were  1.5  to  2  times  faster  than 
measured  speeds,  especially  in  those  terrain  units  in  which  maneuvering 
dictated  the  predicted  vehicle  speed.  Maneuvering  (factor  8)  produced 
relative  deviations  greater  than  20  percent  for  all  vehicles  and  as  high 
as  118.8  percent  for  the  M151.  Consequently,  assumptions  and  techniques 
used  in  formulation  of  this  submodel  appear  to  need  revision.  The 
combination  of  all  resisting  forces  (factor  9),  which  is  directly 
related  to  the  vegetation  submodel,  produced  relative  deviations  greater 
than  20  percent  for  all  vehicles  except  the  M35A2. 

Analysis  of  Results  of  Traverse  Tests 

Two  categories  of  terrain  data  were  used  in  analyzing  the  results 
of  the  traverse  tests:  (a)  specific,  i.e.  values  measured  at  each  test 
site,  and  (b)  classed,  i.e.  values  assembled  into  terrain  factor  classes 
on  each  traverse.  Vehicle  performances  were  predicted  with  AMC-71  using 
each  category;  the  predicted  performances  were  then  compared  with  per¬ 
formances  measured  in  the  field.  Predictions  using  the  terrain  values 
collected  in  this  study  should  represent  the  best  predictions  possible, 
since  all  the  data  were  actually  measured,  not  estimated  or  interpreted 
from  air  photos  or  other  sources. 
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Speed  tests  on  traverses, 
specif Ic  ter r a in  values 

Predicted  traverse  speeds  are  plotted  versus  measured  traverse 
speeds  for  each  vehicle  at  each  test  site  in  Figure  6.  The  plotted  data 
shows  that  measured  vehicle  speeds  ranged  from  4.1  mph  for  the  M35A2  to 
25.2  mph  for  the  M151.  Predicted  vehicle  speeds  ranged  from  5.2  mph  for 
M113A1  to  29  mph  for  the  M151.  Analyses  of  these  tests  indicate  the 
following: 


Numerical 

Evaluat ion 

Parameters 

No.  of 
Tests 

Vehicle 

Range  of 
Speed 
Deviation 
mph 

Mean 

Algebraic 

Speed 

Deviation 

mph 

Mean 

Absolute 

Speed 

Deviation 

mph 

Relative 

Deviation 

% 

Root  Mean 
Square 
Deviation 
mph 

17 

M151 

-0.6  to 
12.6 

4.3 

4.3 

33.6 

6.0 

16 

M35A2 

0.5  to 
0.4 

5.2 

5.2 

47.7 

5.7 

17 

M113A1 

-5.1  to 

7.7 

0.7 

2.9 

21.0 

3.7 

7 

M48 

0.5  to 
4.4 

2.0 

2.0 

14.8 

2.3 

4 

M60 

-5.0  to 
0.2 

-1.6 

1.8 

10.3 

2.6 

The  overall  weighted  average  relative  deviation  for  all  five 
vehicles  was  30.1  percent,  or  10  percent  greater  than  the  maximum  rela¬ 
tive  deviation  of  20  percent  considered  acceptable  for  prediction  accur¬ 
acy  with  AMC-71.  Results  indicate  that  in  general,  predicted  speeds 
were  higher  than  measured  speeds  by  +2.9  mph  overall.  Large  deviations 
in  predicted  and  measured  results  occurred  in  traverse  tests  at  all  the 
test  locations  where  forested  terrain  was  encountered,  with  the  largest 
occurring  at  EAFB.  Speeds  predicted  from  the  vegetation  submodel  are 
generally  higher  than  those  actually  obtained  in  field  tests.  All 
traverses  at  EAFB  were  composed  of  terrain  units  with  signif icant-to- 
dense  vegetation;  if  the  EAFB  tests  were  deleted  from  the  analysis,  the 
average  relative  deviation  would  be  reduced  to  21  percent,  or  only 
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1  percent  greater  than  the  acceptable  prediction  accuracy.  Furthermore, 
it  has  been  shown  that  one  of  the  present  weaknesses  of  AMC-71  appears 
to  be  the  modeling  of  vehicle  performance  in  forested  terrain  where 
maneuvering  and  vehicle  override  are  significant  factors.  Therefore, 
modeling  of  vegetation  and  maneuvering  appears  to  be  one  of  the  major 
revisions  necessary  for  improved  prediction  accuracy  with  AMC-71  for 
traverse  and  terrain-unit  operation. 

The  overall  relative  deviation  for  the  M151  was  33.6  percent 
although  relative  deviations  were  within  acceptable  limits  (20  percent) 
for  traverse  tests  at  FS,  YPG,  and  HTN.  At  the  same  time,  the  greatest 
overall  relative  deviation  was  obtained  for  the  M35A2  (47.7  percent) 
with  deviations  for  tests  at  all  five  locations  greater  than  the 
20  percent  acceptable  limit.  In  the  field  tests  the  M35A2  was  slow  to 
accelerate,  and  unless  the  unit  was  of  sufficient  length  to  allow  the 
vehicle  to  overcome  its  slow  acceleration  characteristics,  it  failed  to 
achieve  a  maximum  speed  representative  of  the  terrain  conditions.  At 
present  AMC-71  does  not  account  for  vehicle  acceleration-deceleration  at 
the  edge  of  terrain  units  as  a  vehicle  moves  from  one  unit  to  the  next. 
Therefore,  a  contributing  factor  to  the  large  deviations  in  all  trav¬ 
erses  for  the  M35A2  was  probably  the  lack  of  an  acceleration-deceleration 
routine  in  the  model. 

Further  analysis  of  traverse  speeds  show  that  the  weighted  relative 
deviation  for  all  five  vehicles  using  the  measured  surface  roughness 
relations  for  predictions  was  27.7  percent,  which  is  slightly  less  than 
the  30.1  percent  deviation  obtained  with  the  simulated  relations.  How¬ 
ever,  if  the  EAFB  data  were  deleted  from  the  average,  the  weighted  rela¬ 
tive  deviation  would  be  reduced  to  a  respectable  15  percent.  Stated 
more  simply,  this  analysis  indicates  that  if  simulated  ride  dynamics 
relations  were  corrected  or  measured  relations  were  used  and  the  maneu¬ 
vering  relations  corrected,  AMC-71  would,  in  fact,  have  an  overall 
prediction  accuracy  of  at  least  85  percent  for  the  traverse  conditions. 

Predicted  and  measured  traverse  speeds  for  each  vehicle  were  based 
on  classed  terrain  data  at  each  site.  The  overall  weighted  average 
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relative  deviation  tor  all  five  vehicles  was  31.1  percent,  or  1.0  per¬ 
cent  higher  than  the  weighted  deviation  obtained  for  the  specified 
terrain  values.  Better  prediction  accuracy  was  attained  for  the  traverse 
tests  than  for  the  terrain-unit  tests.  The  reason  for  the  better  accu¬ 
racy  of  the  traverse  predictions  is  primarily  the  averaging  of  the 
terrain-unit  speeds  that  takes  place  in  computing  traverse  speed. 

Summary 

Analysis  of  relations  involved  in  the  submodel  and  single  terrain 
unit  tests  indicate  that  although  some  refinement  can  be  made,  in 
general,  the  power  train,  measured  surface  roughness,  soil  traction, 
slope,  visibility,  obstacle  spacing,  area  denied  and  single  tree  over¬ 
ride  relations  have  an  acceptable  prediction  accuracy.  The  data  also 
show  t hat  marked  improvement  is  needed  in  the  simulated  surface  rough¬ 
ness,  obstacle  override,  and  especially  in  the  maneuver  and  vegetation 
relations.  Consideration  should  be  given  to  include  relations  for  tree 
override  when  interference  occurs,  acceleration-deceleration  at  terrain 
unit  boundaries,  and  override  of  deformable  obstacles. 

Analysis  of  the  traverse  tests  data  showed  an  overall  relative 
deviation  of  30.1  percent  or  a  prediction  accuracy  of  69.9  percent. 
Results  of  the  traverse  tests  indicate  that  on  the  average,  predicted 
speeds  were  higher  than  measured  speeds  by  +2.9  mph  overall.  Therefore, 
study  and  revision  are  needed  in  some  areas  of  the  AMC-71  mobility  model 
to  improve  prediction  accuracy.  Further  analysis  show  that  if  the 
simulated  surface  roughness  relations  used  throughout  this  study  were 
corrected  or  are  replaced  by  measured  relations  and  the  maneuver  rela¬ 
tions  were  corrected,  AMC-71  would  have  an  overall  speed  prediction 
accuracy  of  at  least  83  percent  for  the  traverse  conditions  tested. 
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APPENDIX  A:  DEFINITIONS  OF  VEHICLE,  SOIL,  AND 
MATHEMATICAL  TERMS 


Vehicle  terms  used  in  this  report  art  as  follows: 

a.  Absorbed  power.  The  rate  at  which  vibrational  energy  is 
absorbed  by  a  vehicle  occupant.  It  is  a  measure  of  ride 

i  t  v . 

b.  I  mu  .obi  l_i_z.it  ion.  The  inability  of  a  self-propelled  vehicle 
to  go  forward. 

c.  Optimum  drawbar  pull.  A  point  on  the  drawbar  pull  versus 
slip  curve  at  whicli  work  output  of  the  track  or  wheel  is 
the  most  e. f  f  ic  ient . 

d.  Pass.  One*  trip  of  a  vehicle  over  a  test  course. 

e.  Ride.  The  quality  of  vibratory  motions  caused  by  random 
terrain  irregularities  as  sensed  bv  a  vehicle  occupant. 

f.  Slip.  The  percentage  of  track  or  wheel  movement  ineffec¬ 
tive  in  thrusting  a  vehicle  forward. 

£.  Mot  ion  resistance  (MK/W) .  The  amount  of  force 

required  to  tow  a  test  vehicle  in  neutral  gear  under  given 
test  conditions,  expressed  as  a  percentage  of  the  vehicle 
test  weight . 

h.  Vehicle  cone  index  for  one  pass  (VC1).  The  minimum  rating 
(.one  index  (KC1)  that  will  permit  a  vehicle  to  complete 
one  pass. 

Soil  terms  used  are  as  follows: 

a.  f'oarse-r.ra  im-d  soil.  A  soil  of  which  more  than  50  percent 
of  the  grains,  by  weight,  will  be  retained  on  a  No.  200 
sieve  (larger  than  0.074  nri  in  diameter). 

b.  Fine-grained  soil.  A  soil  of  which  more  than  50  percent 
of  the  grains,  by  weight,  will  pass  through  a  No.  200 

U.  S.  standard  sieve  (smaller  than  0.074  mm  in  diameter). 
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c .  Unit'  ied  Soil  Classification  System  (UBCS) .  A  soil  elassi- 
fication  system  based  on  identification  of  soils  according 
to  their  textural  and  plasticity  qualities  and  on  their 
grouping  with  respect  to  their  engineering  behavior. 

d.  Cone  index  _( C  1_) .  An  index  of  shearing  resistance  of  soil 

obtained  with  the  cone  penetrometer.  The  value,  considered 

dimensionless,  represents  the  resistance  of  the  soil  to 

;> 

penetration  of  a  30-deg  cone  of  0.5-in.“  base  or  projected 
area  at  a  penetration  rate  of  6  ft /min. 

e.  Rating  cone  index  (KCI)  .  Product1  of  Cl  and  remolding 
index  (RI).  R1  is  the  ratio  of  remolding,  soil  strength 
to  original  strength.  RC 1  expresses  the  soil  strength 
rating  of  a  soil  subjected  to  vehicular  traffic. 

Mathematical  terms  used  in  this  report  are  as  follows: 

a.  Deviation.  Predicted  value  (P)  minus  the  measured  value 
(M),  P  -  M. 

b.  Mean  absolute  dev iat  ion ■  The  average  of  the  numerical 
differences  between  measured  and  predicted  values. 

c.  Mean  algebraic  deviation.  The  average  of  the  algebraic 
differences  between  measured  and  predicted  values. 

d.  Range  of  deviation.  The  algebraic  extremes  in  the  devia¬ 
tions  between  measured  and  predicted  values. 

e.  Relative  deviation.  The  absolute  deviations  of  a 
measured  value  from  a  predicted  value  expressed  as  a  per¬ 
centage  of  the  measured  value,  i.e. 


Relative  deviation. 


f .  Root  mean  square  deviation.  The  square  root  of  the  average 
of  the  squares  of  the  deviations  are  measured  from  predicted 
values  expressed  by  the  following  equation: 


/ (Dev  iat  it i n sJT^ 
(Number  of  deviations 


156 


In  accordance  with  ER  70-2-3,  paragraph  6c(l)(b), 
dated  15  February  19T3»  e  facsimile  catalog  card 
In  Library  of  Congress  format  la  reproduced  below. 


V.  S.  Waterways  Experiment  Station,  Vicksburg,  Miss. 

WES  papers  presented  at  5th  International  Conference 
International  Society  for  Terrain-Vehicle  Systems; 

June  2-6,  1975,  Detroit-Houghton,  Michigan.  Vicksburg 
1975. 

156  p.  illus.  27  cm.  (U.  S.  Waterways  Experiment 
Station.  Miscellaneous  paper  M-75-7) 

Includes  bibliographies. 

1.  Mathematical  models.  2.  Military  vehicles. 

3.  Mobility.  4.  Mobility  models.  5.  Ride  dynamics 
(Vehicles).  6.  Terrain  models.  I.  International 
Society  for  Terrain-Vehicle  Systems.  (Series:  1) .  S. 
Waterways  Experiment  Station,  Vicksburg,  Miss. 
Miscellaneous  paper  M-75-7) 

TA7 . W34m  no. M-75-7 


